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ABSTRACT 
 
 
Key Deer Pond (24° 42′ 29.50″ N, 81° 22′ 36.12″ W; ca. 2 m elevation) is a small 
freshwater pond in a solution hole located within the pine rocklands of the National Key 
Deer Refuge on Big Pine Key, Florida.  Overlapping sediment core sections and a surface 
grab sample from Key Deer Pond were subjected to pollen, microscopic charcoal, and 
loss-on-ignition analyses to investigate late-Holocene climate, fire occurrence, and 
vegetation-fire relationships in pine rockland ecosystems.  Macroscopic charcoal from 
the uppermost meter of the profile was studied to provide a more detailed history of local 
fire occurrence. 
The results from the microscopic charcoal analyses show that fire has long been a 
part of these pine rockland ecosystems.  Generally higher values for all microscopic 
charcoal indices since ca. 1200 cal yr BP suggest increased fire in the region, and likely 
around Key Deer Pond.  The high-resolution macroscopic charcoal, which spans the last 
ca. 400 years, provides compelling evidence for repeated fires surrounding the pond.  
This finding is consistent with the interpretation that lower Keys pine rocklands are a 
fire-dependent ecosystem characterized by frequent surface fires.  The very late human 
colonization of Big Pine Key, perhaps occurring no more than 160 years ago, suggests 
that early fires were lightning-induced, and that changes in fire occurrence were the result 
of prehistoric climate shifts.       
Pollen assemblages reveal that the vegetation at the site has changed only 
moderately since 1660 cal yr BP.  Pine dominance over much of the record indicates that 
pine has long been abundant in the area.  Increases in pollen of Conocarpus erectus since 
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ca. 357 cal yr BP, and decreases in the abundance of pine since ca. 83 cal yr BP, may 
signal the impacts of rising sea level.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 vii 
TABLE OF CONTENTS 
 
 
CHAPTER 1:  INTRODUCTION ……………………………………………………….. 1          
 
CHAPTER 2:  LITERATURE REVIEW ………………………………………………... 5  
  
Previous Paleoenvironmental Research in Florida ……………………………... 5       
Paleoenvironmental Research in Pine Forest Ecosystems of 
The Bahamas …………………………………………………………………….. 7   
Previous Paleoecological Research in the Circum-Caribbean Region ………….  9   
Charcoal as a Proxy for Past Fire Activity …………………………….............. 11   
Macroscopic Charcoal as a Proxy for Local Fires …………………………….. 12  
Microscopic Charcoal ………………………………………………………….. 15  
Comparisons of Microscopic and Macroscopic Charcoal in the 
Same Cores ……………………………………………………………………... 16  
Sedimentary Charcoal as Evidence for Human Arrival on Islands ……………. 17  
Application of Paleoecological Research to Ecosystem Conservation ………… 18  
Hurricane and Tropical Storm Events and Their Representation in 
Sediment Records ………………………………………………………………. 21 
Sea Level Changes and Their Indication in Pollen Records …………………… 23   
 
CHAPTER 3:  ENVIRONMENTAL AND CULTURAL SETTING ………………….. 25  
 
Study Area ……………………………………………………………………… 25   
Geological and Physical Setting ……………………………………………….. 25 
Climate …………………………………………………………………………. 31 
Vegetation ……………………………………………………………………… 32 
Fire Ecology of Florida Pine Rocklands ………………………………………. 34 
Pre-European Settlement ………………………………………………………. 36 
European Settlement …………………………………………………………… 39 
Present Day Management of Pine Rockland Ecosystems of the  
Lower Florida Keys ……………………………………………………………. 41 
   
CHAPTER 4:  METHODS …………………………………………………………….. 46 
 
Field Methods ………………………………………………………………….. 46 
Laboratory Methods …………………………………………………………… 48 
Radiocarbon Dating and Core Chronology …………………………………… 48 
Microfossil Preparation and Loss-on-Ignition ………………………………… 49 
Pollen Analysis ………………………………………………………………… 50 
Microscopic Charcoal Analysis ………………………………………………... 51 
Macroscopic Charcoal Analysis ……………………………………………….. 52 
 
 
 viii 
CHAPTER 5:  RESULTS ……………………………………………………………… 53 
 
Sediments and Stratigraphy ……………………………………………………. 53 
Radiocarbon Analysis ………………………………………………………….. 56 
Loss-on-Ignition ………………………………………………………………... 56 
The Pollen Record ……………………………………………………………… 60 
The Microscopic Charcoal Record …………………………………………….. 64 
The Macroscopic Charcoal Record ……………………………………………. 66 
Comparing Microscopic and Macroscopic Charcoal Records…………………. 69 
 
CHAPTER 6:  DISCUSSION ………………………………………………………….. 71 
 
What are the general trends in the fire history through time in the 
 pine rockland ecosystem as shown by microscopic and  
macroscopic charcoal analysis of the Key Deer Pond sediments? …………….. 71 
How do the microscopic and macroscopic charcoal curves compare,  
and what does this reveal about the microscopic charcoal signal in the 
sediments? ……………………………………………………………………… 78 
Are there identifiable differences in fire activity between the modern, 
early historic, and prehistoric periods that would help identify  
differences between natural and anthropogenic (human-altered) 
fire regimes? ……………………………………………………………………. 79 
Has the vegetation surrounding Key Deer Pond changed  
through time? …………………………………………………………………... 81  
Do changes in vegetation inferred from pollen analysis match  
evidence of changes in fire activity or climate from charcoal? ………………... 83 
Do stratigraphic layers exist in the sediment cores that indicate the 
impacts of hurricane or tropical storm events? ………………………………... 84  
Are changes in vegetation evident in the pollen record that 
indicate the impacts of sea level change? ……………………………………… 85 
 
CHAPTER 7:  CONCLUSIONS ……………………………………………………….. 88 
 
REFERENCES …………………………………………………………………………. 91  
 
APPENDICES ………………………………………………………………………… 104  
 
Appendix A   Pollen Processing Schedule ……………………………………………. 105   
 
Appendix B   Charcoal Point Counting Calculations …………………………………. 107  
 
Appendix C    Identified Pollen Taxa …………………………………………………. 109 
 
VITA …………………………………………………………………………………... 110  
 
 ix 
LIST OF TABLES 
 
 
Table 5.1   Sediment Stratigraphy of Hole 1A and 1C, Key Deer Pond …………… 55 
Table 5.2   Radiocarbon determinations and calibrated ages for material  
from Key Deer Pond sediment profile …………………………………. 57 
 
Table 5.3   Pollen concentrations exclusive of fern spores and indeterminate  
pollen grains for the Key Deer Pond sediment profile …………………. 61 
 
Table 5.4   Pollen diversity for the Key Deer Pond sediment profile ………………. 62 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 x 
LIST OF FIGURES 
 
 
Figure 3.1   Recent satellite image of (1) south Florida and the Everglades;  
(2) Florida Keys; (3) Cuba; and (4) The Bahamas ……………………... 26 
 
Figure 3.2   Recent satellite image of the lower Florida Keys numbered to  
indicate (1) Big Pine Key; (2) Little Torch Key; (3) Middle  
Torch Key; (4) No Name Key; and (5) Key West ……………………… 27 
 
Figure 3.3   Location of Key Deer Pond and a second coring site, Blue Hole  
Wetland, on Big Pine Key in the lower Florida Keys ………………….. 28 
 
Figure 4.1   Coring platform used at Key Deer Pond ……………………………….. 47 
 
Figure 5.1   Sediment Stratigraphy of Hole 1A and 1C, Key Deer Pond …………… 54 
 
Figure 5.2   Age vs. depth relationship for Key Deer Pond, Big Pine Key,  
showing sedimentation rates ……………………………………………. 58 
 
Figure 5.3   Loss-on-ignition results for the Key Deer Pond sediment profile ……… 59  
 
Figure 5.4  Percentage pollen diagram for the Key Deer Pond sediment  
profile showing main pollen types, total fern spores, and  
charcoal to pollen ratios ………………………………………………… 63 
 
Figure 5.5   Concentration of  microscopic charcoal fragments (<125 µm)  
expressed as charcoal area per g dry sediment, charcoal area  
per cm
3
 wet sediment, influx (mm
2
/cm
2
/yr), and charcoal to  
pollen ratios for the Key Deer Pond sediment profile ………………….. 65 
 
Figure 5.6   Macroscopic charcoal in the upper ca. 1 m of the Key Deer Pond  
sediment profile (core section 0.11–1.11 m in Hole 1A) ………………. 67 
 
Figure 5.7  Macroscopic charcoal in the upper ca. 1 m of the Key Deer Pond  
Sediment profile (core section 0.11–1.11 m in Hole 1A), expressed  
as concentrations and influx for all particles >250 µm in size …………. 68 
 
Figure 5.8 Comparison of microscopic and macroscopic charcoal concentrations  
in the upper ca. 1 m of the Key Deer Pond sediment profile  
(core section 0.11–1.11 m in Hole 1A) …………………………………. 70       
 
 
 1 
CHAPTER 1 
 
Introduction 
 
  
A great deal of research has focused on interactions between climate, vegetation, 
and ecological processes, and on how these interactions have shaped past and present 
landscapes.  Paleoecological studies based on analyses of fossil pollen, charcoal, and 
other proxy indicators in sediment cores from lakes and wetlands can provide important 
evidence for reconstructing past climate, vegetation, and fire regimes (Sanford and Horn 
2000).  Reconstructions based on these proxy indicators can increase our understanding 
of the dynamic nature of landscapes and ecological processes (e.g., wildfire).  
Paleoecological data also can be used to assess the long-term interactions between 
climate, fire, and vegetation (Gavin et al. 2007).  For example, parallel fire and 
vegetation histories can reveal changes in fire regimes in response to climate shifts, and 
how shifts in vegetation are tied to fire activity (Whitlock and Anderson 2003; Gavin et 
al. 2007).  Such records can also yield information important for assessing human 
impacts on the environment, for example, the effects of altered fire regimes or land use 
changes on vegetation composition (Burney and Burney 2003, 2007; Willard et al. 2006).   
Fossil pollen and charcoal records spanning tens to thousands of years can 
provide a unique, long-term perspective for biodiversity conservation efforts aimed at 
conserving processes, habitats, or species (Willis and Birks 2006; Gavin et al. 2007; 
Willard and Cronin 2007).  Such studies are increasingly being used to inform natural 
resource management and conservation planning at local, regional, and global scales 
(Horn 1998; Swetnam et al. 1999; Willard et al. 2001; Willis and Birks 2006; Willard 
 2 
and Cronin 2007).  For example, long-term fire histories can provide important baseline 
information on the range of natural variability of fire activity prior to human disturbance, 
such as land use change or fire suppression (Gavin et al. 2007).  
  This thesis describes the first paleoecological research conducted in pine 
rockland habitats of the lower Florida Keys, although sediment records of vegetation, 
climate, and fire history have been developed for sites in pine rocklands on the islands of 
the Bahamas (Kjellmark 1995; 1996; Myers et al. 2004; Stork 2006; West 2007).  
Additional evidence on fire history in pine rocklands of the Bahamas was provided by 
Miller (2007), who conducted a dendrochronological study on Pinus caribaea var. 
bahamensis (Bahamian pine) on Abaco Island.  Paleoecological studies relevant to my 
research have been conducted in the Florida Everglades, at mainland sites in central and 
northern Florida, and at other sites in the broader circum-Caribbean region, as reviewed 
in Chapter 2 of this thesis.   
My thesis adds to knowledge of pine rockland habitats and circum-Caribbean 
paleoenvironments through a paleoecological study of pollen and charcoal in a ca. 1700-
year sediment record from a solution hole in the National Key Deer Refuge (NKDR) on 
Big Pine Key, Florida.  My primary objective is to provide charcoal and pollen evidence 
of past fire, vegetation, and climate near Key Deer Pond (unofficial name), where the 
surroundings currently are dominated by pine rockland vegetation.  Prescribed fire is one 
of the most important considerations in pine rockland management; however, NKDR has 
not launched a comprehensive fire management program involving prescribed burning, in 
part because the proper fire frequency to maintain pine rocklands is not yet known 
(Snyder et al. 1990; Carlson et al. 1993; Bergh and Wisby 1996; USFWS 1999b; Liu and 
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Menges 2005; Snyder et al. 2005).  The results of my investigation will hopefully assist 
NKDR officials with the development of fire management policy and plans for the pine 
rocklands of Big Pine Key and other Keys in the lower Florida Keys.  A secondary 
objective of my work is to provide NKDR officials with environmental data that will 
assist with public education efforts both inside and outside of the refuge.  To undertake 
these tasks, I used a multiple proxy approach.  I analyzed the Key Deer Pond sediments 
for pollen, microscopic charcoal, and macroscopic charcoal, and asked the following 
questions:  
 What are the general trends in the fire history through time in the pine rockland 
ecosystem as shown by microscopic and macroscopic charcoal analysis of the 
Key Deer Pond sediments? 
 How do the microscopic and macroscopic charcoal curves compare, and what 
does this reveal about the microscopic charcoal signal in the sediments? 
 Are there identifiable differences in fire activity between the modern, early 
historic, and prehistoric periods that would help identify differences between 
natural and anthropogenic (human-altered) fire regimes? 
 Has the vegetation surrounding Key Deer Pond changed through time?  
 Do changes in vegetation inferred from pollen analysis match evidence of 
changes in fire activity or climate from charcoal? 
 Do stratigraphic layers exist in the sediment cores that indicate the impacts of 
hurricane or tropical storm events?  
 Are changes in vegetation evident in the pollen record that indicate the impacts of 
sea level change? 
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This thesis consists of seven chapters.  In the chapter that follows, I review 
literature on fire, vegetation, and climate history in Florida and the circum-Caribbean 
region, and on methods and applications of paleoecological studies.  Chapter Three 
describes the environmental and cultural setting of the lower Florida Keys, with specific 
details about Big Pine Key and adjacent Keys.  In Chapter Four, I describe the field and 
laboratory methods used to conduct this multiple proxy analysis of the Key Deer Pond 
sediment profile.  In Chapter Five, I present pollen and charcoal records from the 
sediments of Key Deer Pond.  I discuss the implications of my results in Chapter Six, and 
how they fit with other research conducted in the region with respect to fire, vegetation, 
and climate history, and human impacts on the environment.  In Chapter Seven, I 
conclude this thesis by summarizing my results and offering some suggestions for future 
research on Big Pine Key. 
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CHAPTER 2 
 
Literature Review 
 
 
 
Previous Paleoenvironmental Research in Florida 
  
Several paleoenvironmental investigations have been undertaken in peninsular 
Florida.  Published sediment records from lakes and other wetlands in mainland Florida 
document distinct climate shifts and a generally wetter climate in the middle to late 
Holocene, along with changes in vegetation and fire activity.  As yet, comprehensive 
studies of sedimentary charcoal have not been carried out outside of the Florida 
Everglades.  
Watts and Stuiver (1980) obtained a sediment core from Sheeler Lake in north 
Florida.  The pollen diagram showed that after ca. 14,000 
14
C yr BP
1
, herbs and dry forest 
taxa were replaced by pollen of mesic trees, an indication of increased precipitation. 
After 13,000 
14
C yr BP, mesic trees steadily declined while a variety of herbaceous taxa 
(Ambrosia, Selaginella, Poaceae) and pine (Pinus) expanded.  The authors attributed this 
transition to a drier climate and increased fire frequency.  In the later Holocene (ca. 7200 
14
C yr BP), the modern vegetation and climate became established.  Pinus became much 
more abundant than Quercus, and cypress swamps and bayhead communities developed, 
all indicative of a return to wetter conditions.   
Pollen diagrams from a sediment core recovered from Camel Lake (Watts et al. 
1992) revealed the vegetation history of northwest Florida since the late Pleistocene.   
After 29,000 
14
C yr BP, pine became the dominant pollen type.  In sediments deposited 
                                                 
1 All dates and ages in this chapter are presented as originally reported, in either radiocarbon years (14C yr BP) or 
calibrated years (cal yr BP). 
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between 14,000–12,000 14C yr BP, Pinus percentages dramatically declined, and pollen 
of deciduous hardwood trees such as Quercus, Carya, and Fagus increased.  Consistent 
with the findings from Sheeler Lake, at 7500 
14
C yr BP, Pinus increases and pollen of 
hardwood deciduous trees decreases.       
Pollen records from Lake Tulane in south-central Florida (Grimm et al. 1993, 
Watts and Hansen 1994) revealed alternating periods of dominance of the pollen spectra 
by Pinus and Quercus with Ambrosia-type, and Poaceae.  Grimm et al. (1993) associated 
peaks in Pinus pollen with the North Atlantic Heinrich events.  During such events, large, 
periodic flows of icebergs broke off from the eastern margin of the Laurentide Ice Sheet 
and traversed the North Atlantic.  Development of modern pine forests and wetland 
communities occurred at ca. 4600 
14
C yr BP, indicating wetter conditions in the later 
Holocene.  The Lake Tulane records indicate that modern-day pine forests developed 
later in south Florida than at more northern sites, suggesting that the southern portion of 
the Florida peninsula was drier than sites farther north during the early to middle 
Holocene.  
Willard et al. (2006) analyzed pollen from sediment cores from tree islands in the 
greater Everglades ecosystem to reconstruct timing and patterns of tree island 
development and responses to environmental stressors.  Pollen assemblages revealed 
initial community establishment between 3500 and 500 cal yr BP, well before substantial 
human alteration to the ecosystem.  The authors suggested that tree islands developed in 
response to intervals of sustained regional drought, including near the onset of the Little 
Ice Age (AD 1450–1900).  These drought episodes generally correspond with periods of 
dry conditions identified in sediments from lakes of the Yucatan Peninsula of Mexico 
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(AD 800–1000; AD 1400–1500) (Hodell et al. 1995, 2005b), Haiti (2400–1500 14C yr 
BP; 900 
14
C yr BP to present) (Hodell et al. 1991, Higuera-Gundy et al. 1999), and 
elsewhere in the circum-Caribbean (Willard et al. 2006).  
 
Paleoenvironmental Research in Pine Forest Ecosystems of The Bahamas 
Analysis of fossil pollen and charcoal from a sediment core from Church‘s Blue 
Hole on Andros Island, The Bahamas (Kjellmark 1996) provided the first evidence of 
long-term vegetation and fire history from The Bahamas.  Sediments deposited prior to 
1500 
14
C yr BP showed inconsistent 
14
C dates due to possible mixing, making this part of 
the record difficult to interpret.  The record from 1500 
14
C yr BP to present, however, 
appears to have a normal stratigraphic sequence, and paleoenvironmental interpretations 
are consistent with other research in the region.  The pollen spectra indicated a relatively 
dry period from 2400 to 1500 
14
C yr BP, followed by a period of wetter climate.  Around 
1500 
14
C yr BP, pollen of plants such as Metopium (poisonwood), Myrsine (myrsine), and 
other hardwood taxa became more abundant.  This mesic hardwood plant community 
persisted until about 740 
14
C yr BP, when it was displaced by Pinus, Trema (West Indian 
Trema), and other species characteristic of pine rockland communities.   
Kjellmark (1996) also studied microscopic charcoal in the Church‘s Blue Hole 
core.  Charcoal concentrations were generally low throughout the sediment profile until 
900 
14
C yr BP, at which point concentrations increase significantly.  The peak value 
occurred at ca. 750 
14
C yr BP, followed by a gradual decline through the rest of the 
record.  The initial decline of pollen of hardwoods and increase in pine and other taxa 
characteristic of pine rocklands occurred when charcoal concentrations in the sediments 
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began to increase.  Kjellmark attributed this change to an increase in fire frequency, 
possibly caused by an increase in human-set fires.  
Stork (2006) studied pollen and charcoal in a sediment profile from West Pond on 
Great Abaco Island, The Bahamas.  Similar to the findings of Kjellmark (1996), the 
pollen record indicated a major shift from tropical hardwoods to a pine-dominated 
community at about 770 cal yr BP (Stork 2006).  At 550 cal yr BP, sediments changed 
from peat to marl, a trend that is consistent with an interval of sustained regional drought 
identified in other studies (e.g., Hodell et al. 2005; Willard et al. 2006).  Stork (2006) 
expected higher overall charcoal values, as recent estimates suggest pine rockland forests 
such as those surrounding West Pond experience fire every 7 to 10 years (Stork 2006).  
She speculated that generally low charcoal concentrations (ca. 4–170 mm2/cm3 wet 
sediment) could have been caused by the low-intensity nature of fire in these ecosystems, 
which may not produce an abundance of charcoal, or to the lack of overland water flow, 
which would have reduced the effect of secondary charcoal deposition.    
West (2007) examined microscopic and macroscopic charcoal in sediments from 
Split Pond, Great Abaco Island, The Bahamas.  He also conducted air-fall charcoal 
experiments to examine charcoal transport and deposition in pine rocklands in Abaco 
National Park.  A microscopic charcoal peak at 1500 
14
C yr BP concurrent with peaks in 
macroscopic charcoal suggested a period of higher fire activity adjacent to Split Pond 
(West 2007).  West suggested that several smaller peaks in microscopic charcoal 
concentrations at 1200 
14
C yr BP may indicate increased burning associated with initial 
human arrival on the island (Burney et al. 1994; Burney and Burney 2003).  This 
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interpretation is generally consistent with the results obtained by Stork (2006) at West 
Pond.   
 
Previous Paleoecological Research in the Circum-Caribbean Region 
Oxygen isotopes in biogenic carbonates, pollen, and microfossil assemblages in 
lake sediment cores from the Yucatan Peninsula (Hodell et al. 1995, 2005b; Gabriel et al. 
2009) indicate that wet conditions, high lake levels, and a slow rate of sea level rise 
persisted through the mid-Holocene.  Records show the onset of drier conditions at 3100 
14
C yr BP (Hodell et al. 1995).  An exceptionally dry period occurred from 2200–1100 
14
C yr BP, with peak aridity occurring at 1300–1100 14C yr BP.  Hodell et al. (1995) 
associated the former interval with the collapse of the Maya civilization at AD 750–900.  
The δ18 O data also documented drying conditions beginning in the middle 15th century 
near the onset of the Little Ice Age (Hodell et al. 2005b).  Coincident with these changes, 
a pollen profile from a nearby sinkhole in northwestern Yucatan showed vegetation 
changes indicative of increasing salinity (Hodell et al. 2005b).  Hodell et al. (2005b) 
suggested that climatic drying and cooler temperatures in the circum-Caribbean from AD 
1450–1900 were part of a larger pattern of change in oceanic and atmospheric conditions.      
Pollen, charcoal, and oxygen isotope ratios in a long sediment core from Lake 
Miragôane, Haiti (Hodell et al. 1991, Higuera-Gundy et al. 1999) reflect climate and 
vegetation changes in Hispaniola since 10,300 
14C yr BP.  The δ18 O data indicate the 
climate became gradually wetter from 10,000 to 6000 
14
C yr BP, followed by generally 
drier conditions (Higuera-Gundy et al. 1999).  Pollen data show that vegetation changes 
tracked the climate changes identified in the isotope record, shifting from a xeric 
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community in the early Holocene to a moist forest in the middle Holocene.  Microscopic 
charcoal concentrations increased at ca. 6000 
14
C yr BP, indicating increased fire 
frequency under wetter conditions.  Higuera-Gundy et al. (1999) suggested this may have 
been caused by forest expansion and subsequent increases in fuel production for ignition, 
or by initial human disturbance.  After ca. 3000 
14
C yr BP, generally drier conditions 
returned, and Pinus and other dry forest taxa expanded.  This interpretation is consistent 
with other records from the circum-Caribbean region (e.g., Hodell et al. 1991, 1995; 
Kjellmark 1996) that show the onset of generally drier conditions at around the same 
time.  The most recent part of the Miragôane record shows the decline of forest taxa and 
an increase in successional taxa, most likely associated with increased human disturbance 
and land clearance (Higuera-Gundy et al. 1999). 
 Peros et al. (2007) studied pollen and other palynological proxies in ten sediment 
cores extracted from and near Laguna de la Leche, a natural lake located on the north 
coast of the Province of Ciego de Avila, Cuba.  The basin of Laguna de la Leche began to 
fill by 6200 cal yr BP, a process the authors attributed to rising sea level.  Water levels 
fluctuated, but the lake maintained a frequent connection with the sea until about 2000 
cal yr BP, when pollen of Rhizophora mangle (red mangrove) increased and the lake 
changed to a closed, brackish lake.  The initiation of Laguna de la Leche at 6200 cal yr 
BP corresponds with the development of modern day pine forests and extensive swamps 
in peninsular Florida.  Peros et al. (2007) suggested that sea level rise, increased 
precipitation, and a shift in seasonality may have driven late Holocene environmental 
changes in south Florida and northern Cuba. 
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Charcoal as a Proxy for Past Fire Activity 
 Analysis of particulate charcoal preserved in sediments from lakes or wetlands 
can be used to develop records of local and regional fire occurrence (Sanford and Horn 
2000; Whitlock and Larsen 2001; Whitlock and Anderson 2003).  Together with 
radiocarbon dating, such records reveal changes in fire activity over time (Sanford and 
Horn 2000).  In many cases, the study of fossil charcoal includes pollen analysis from the 
same core(s) (e.g., Horn 1993).  Such analyses provide the opportunity to examine long-
term relationships between vegetation, fire, and climate.  Charcoal records can be used in 
combination with dendrochronological records to provide longer fire histories at different 
temporal and spatial scales (Sanford and Horn 2000; Whitlock 2004).         
Charcoal production occurs when organic matter, such as plant tissue, is 
incompletely combusted during a fire (Patterson et al. 1987).  Due to its composition, 
charcoal is not chemically destroyed during the preparation of sediment samples for 
pollen analysis (MacDonald et al. 1991).  The rate of charcoal production and delivery to 
sediments depends on the characteristics of a fire (e.g., size, intensity, duration, and 
severity), vegetation characteristics, and the processes that transport the charcoal to and 
deposit it in the sediment (e.g., wind, surface runoff) (Clark et al. 1998; Gardner and 
Whitlock 2001; Whitlock and Larsen 2001; Whitlock and Anderson 2003).  Charcoal 
introduced to the sediment record during or immediately after a fire event is referred to as 
primary charcoal.  Secondary deposition occurs when charcoal is introduced to the 
sediment record during non-fire years, and is referred to as secondary charcoal (Whitlock 
and Larsen 2001). 
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Fire reconstruction based on sedimentary records of charcoal involves two main 
approaches: the analysis of microscopic charcoal fragments (fragments < 125 µm) and 
the analysis of macroscopic charcoal fragment (fragments > 125 µm) (Sanford and Horn; 
Whitlock and Larsen 2001; Whitlock and Anderson 2003).  In this study, I focused on the 
analysis of both microscopic and macroscopic charcoal in the sediments of Key Deer 
Pond.  Macroscopic charcoal analysis, in particular, was chosen in order to better 
understand the local fire record (Sanford and Horn 2000; League and Horn 2000).   
The cut-off value of 125µm for the largest dimension of a charcoal fragment is 
commonly used for distinguishing between microscopic and macroscopic charcoal, but is 
not a universal value.  Rather, microscopic versus macroscopic charcoal is more often 
defined by how it is prepared and examined.  Microscopic charcoal particles are prepared 
and examined on microscope slides (also referred to as pollen slides) using compound 
microscopes, often together with pollen.  The microscopic charcoal and pollen residues 
are prepared using standard pollen processing procedures.  Macroscopic charcoal, in 
contrast, is generally separated from sediments by sieving, using more basic processing 
procedures (Schlachter and Horn, in press), and is examined using a dissecting scope. 
 
Macroscopic Charcoal as a Proxy for Local Fires 
Many paleoecological studies have used macroscopic charcoal in lake and 
wetland sediment as a proxy for past fire (Whitlock and Millspaugh 1996; League and 
Horn 2000; Gardner and Whitlock 2001; Gavin 2003; Anchukaitis and Horn 2005; 
Schlachter 2005), with some studies involving the sieving of contiguous, narrow core 
intervals (often 1 cm) to produce high resolution records.  Charcoal in soils has also been 
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used to develop coarse resolution fire histories (Horn and Sanford 1992; Horn et al. 2000; 
Albritton 2006; Titiz and Sanford 2007; Hart et al. 2008).  Macroscopic charcoal in soils 
or sediments is usually considered to be primary charcoal.  Fragments of charcoal over 
125 µm in size are not easily transported long distances by wind during or after a fire 
(Patterson et al. 1987; Clark 1988; MacDonald et al. 1991; Whitlock and Larsen 2001; 
Peters and Higuera 2007).  With this in mind, the presence of large charcoal particles in 
sediments should indicate a fire at or very near the sampled location, thus allowing for a 
more detailed reconstruction of local fire activity.  Several studies of macroscopic 
charcoal deposition in sediments or traps provide empirical support for this suggestion.   
Macroscopic charcoal in a sediment core from a lake in central Yellowstone 
National Park documents fire history over the past ca. 750 years (Millspaugh and 
Whitlock 1995).  The study revealed that the site has experienced repeated burning since 
AD 1220, and that the fire regime has changed through time.  Evident in the charcoal 
record was the near-absence of fires during the ca. 40–50 years preceding the large fire of 
1988 that burned significant portions of the park.  The charcoal record is in close 
agreement with a dendrochronological record for the last 450 years (Millspaugh and 
Whitlock 1995). 
Gardner and Whitlock (2001) studied macroscopic charcoal deposition in 
sediments from 36 lakes after a 1996 fire in the Oregon Cascade Range.  Nineteen lakes 
were located within a burned area and 17 were in unburned watersheds.   The researchers 
examined how the proximity of each lake to the burn area affected the presence of 
charcoal in the sediments, and if fire events were recorded as charcoal peaks in the 
sediment records.  Their findings indicate that all lakes received charcoal during the 1996 
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fire, but that the abundance of charcoal particles >125μm in diameter was greatest in 
lakes within the burned perimeter.  They also noted that although burned and unburned 
sites had peaks in charcoal abundance, peaks in burned sites were much better defined 
than in unburned sites.  The authors concluded that a relationship exists between the 
occurrence of local fires and peaks in sedimentary macroscopic charcoal.  
Several studies have investigated atmospheric transport of macroscopic charcoal 
to assess its reliability as a proxy for local fire.  Clark et al. (1998) calculated charred 
particle area of macroscopic charcoal (180, 250, and 500 µm particle sizes) in a series of 
21 traps during a 1993 high-intensity prescribed fire in Siberia.  Traps were located at 
approximately 10 m intervals along 3 transects extending away from the edge of the burn 
perimeter.  They calculated settling velocities for the difference particle size ranges.  
Results showed that charcoal abundance dropped off sharply with distance from the edge 
of the fire.  The authors concluded these larger charcoal particles are not suspended in the 
atmosphere longer than a few minutes, and thus are an indication of a nearby fire.   They 
also suggested that burns of relatively lower intensity would show a more marked decline 
in charcoal accumulation with distance from fire, thus allowing for better resolution of 
local fires.   
Ohlson and Tryterud (2000) studied the transport of macroscopic charcoal (>500 
µm) from three experimental burns in Scandinavia.  A series of 704 traps were arranged 
both inside (280) and outside (424) of the burn areas at different distances from the fire 
edge.  They counted and compared the number of charcoal particles and charcoal masses 
in traps inside and outside of the burn area.  They found a marked discrepancy in the 
amount of charcoal between traps inside and outside of burn areas.  The number of 
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charcoal particles and charcoal mass dropped off sharply with distance from the burn 
edge.  In all, they found almost no charcoal particles >500 µm in traps outside of the burn 
area, while charcoal was present in close to 90% of the traps inside the burn area.  They 
concluded that the occurrence of charcoal particles >500 µm is a reliable indicator of 
local fire occurrence, and that the presence of such particles can be used to distinguish 
between fire-prone and fire-free areas.  
 
Microscopic Charcoal 
Microscopic charcoal is also referred to as pollen-slide charcoal.  Many fire 
history studies in the circum-Caribbean have been based on the analysis of charcoal 
particles on pollen slides (e.g., Horn 1993; Burney et al. 1994; Kjellmark 1995, 1996; 
Clement and Horn 2001; Kennedy et al. 2006; Lane et al., in press).  Many such studies 
have combined the study of microscopic charcoal with pollen analysis from the same 
core(s) to infer climate history and long-term interactions between fire and vegetation.  
Microscopic charcoal may at some sites reflect the regional importance of fire, as 
microscopic fragments can be transported long distances by wind or water (Clark 1988; 
Millspaugh and Whitlock 1995; Ohlson and Tryterud 2000; Sanford and Horn 2000; 
Whitlock and Anderson 2003; Patterson et al. 1987).   
However, microscopic charcoal, even particles <50 µm, may signal local burning.  
Patterson et al. (1987) suggested that most microscopic charcoal in small ponds (<25 m 
in diameter) is derived from local area fires, within about 20–30 m of the sampling site.  
Although microscopic fragments may be carried long distances by wind, this does not 
mean that all microscopic charcoal that is deposited in a lake originates from a large 
 16 
source area (Clement and Horn 2001; Kennedy and Horn 2008).  Pitkänen et al. (1999) 
suggested that if winds and the convective column produced by low-intensity fires are 
low, much microscopic charcoal can de deposited locally, that is, within the immediate 
vicinity of the fire.   
 
Comparisons of Microscopic and Macroscopic Charcoal in the Same Cores 
Most charcoal studies are based on either microscopic or macroscopic charcoal, 
but a few studies have compared macroscopic and microscopic charcoal records from the 
same sediment core.  Horn (1993) studied microscopic charcoal from a sediment core 
from Lago de las Morrenas 1, a glacial lake in the high elevation, treeless páramo of 
Chirripó National Park, Costa Rica.  Her findings show that fires set by people or 
lightning have been a part of the páramo environment since the massif was deglaciated 
ca. 10,000 
14
C yr BP.  To improve upon this record of fire history, League and Horn 
(2000) resampled the same core for macroscopic charcoal fragments >500 µm at 
contiguous 1-cm intervals. The Lago de las Morrenas high-resolution macroscopic 
charcoal record corresponds well with the microscopic charcoal record, confirming that 
fire is a natural part of the páramo environment (League and Horn 2000).  Charcoal 
curves from both records revealed higher charcoal values during the later Holocene (since 
ca. 4200 
14
C yr BP).  The macroscopic record shows that the fire frequency has varied 
throughout the Holocene (League and Horn 2000). 
Graham (2008) developed a high-resolution macroscopic charcoal record from a 
5.8 m long sediment core from Laguna Martínez, Costa Rica.  He sampled the core at 
contiguous 1 cm intervals for two size classes of charcoal (fragments 250–499 µm and 
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fragments >500 µm in size).  He compared this record to a microscopic charcoal record 
from the same core that had been developed previously (Arford 2007).  Trends in 
charcoal concentrations and influx from both the macroscopic and microscopic charcoal 
records were similar.  Graham (2008) found several sediment intervals in the core where 
distinct charcoal peaks occur in both records, which he suggested indicated times of 
greater fire activity around the lake.  He found other intervals where microscopic 
charcoal values were low, but macroscopic charcoal values were high.  Graham (2008) 
suggested that this may indicate that regional fire activity was low, but that the area 
around the lake was still burning frequently.  Alternatively, he suggested that the wide 
sampling interval used for microscopic charcoal may have missed intervals with 
abundant microscopic charcoal, whereas the contiguous sampling procedure used for 
macroscopic charcoal sampling revealed previously unrecognized patterns in the fire 
regime around the lake. 
Schlachter (2005) also compared a high-resolution macroscopic charcoal record 
to a microscopic charcoal record from the same core.  His study used a sediment core 
from Laguna Estero Blanco, also previously analyzed by Arford (2007).  Curves of 
macroscopic and microscopic charcoal influx matched well.  Schlachter (2005) suggested 
that peaks in macroscopic charcoal (particles >500 µm) indicated burning at or very near 
the lake.    
 
Sedimentary Charcoal as Evidence for Human Arrival on Islands  
Burney et al. (1994) and Burney and Burney (2003) postulated that initial human 
modification of the environment, especially on oceanic islands, may be indicated by 
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peaks in charcoal in sediment cores, and that these charcoal peaks may provide a means 
for determining the timing of human arrival on remote islands. Burney et al. (1994) 
studied the charcoal stratigraphy of a sediment core from Laguna Tortuguero, Puerto 
Rico that spanned the last ca. 7000 cal yr BP.  They found a sudden and sustained 
increase in charcoal concentrations and influx between 5300 and 3200 cal yr BP that they 
interpretated as evidence of human arrival to the island and their continued use of fire 
(Burney et al. 1994).  Burney and Burney (2003) studied charcoal in sediments from nine 
sites on Kaua‘i in the Hawaiian Islands.  Microscopic charcoal records from eight 
different sites show good agreement.  One record was discounted due to poor resolution 
resulting from tsunami disturbance and possible sediment mixing.  Burney and Burney 
(2003) suggested that increased charcoal concentrations in several of the records at ca. 
AD 1100 (830 
14
C yr BP) indicated human arrival to the island.  
Higuera-Gundy et al. (1999) also observed a sustained increase in charcoal 
concentrations in sediments from Lake Miragôane, Haiti that began at 5400 
14
C yr BP. 
The authors suggested that this may indicate drier climate conditions, but could also be 
attributed to early human disturbance on the island.  Stork (2006) and West (2007) 
considered the possibility that charcoal peaks at ca. 1190 cal yr BP and 1200 
14
C yr BP 
may indicate early human arrival on Abaco Island, The Bahamas and modification of the 
landscape through the use of fire.  
 
Application of Paleoecological Research to Ecosystem Conservation   
A number of recent paleoecological studies have provided information important 
for biodiversity conservation, including recommendations on wildfire, climate change, 
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and management within thresholds of natural variability (e.g., Chambers et al. 1999; 
Willard et al. 2001; Willard et al. 2006; Burney and Burney 2007; Gavin et al. 2007; 
Willard and Cronin 2007).  Horn (1998) examined issues relating to fire management in 
Chirripó National Park, Costa Rica.  The park‘s management plan raises a number of 
issues related to fire, with the prevailing objective to prevent fire, especially in the high-
elevation treeless páramo.  Results of her research, however, have revealed that fire has 
long been a component of the Chirripó páramo, and that some plants that typify páramo 
vegetation thrive under frequent burning (Horn 1989, 1993, 1997, 1998; League and 
Horn 2000).  Her findings highlight the need for park authorities to reevaluate fire 
management goals (Horn 1998).  Horn (1998) suggested that in order to conserve the 
Chirripó páramo, park managers, rather than preventing fire, may want to focus efforts on 
maintaining some target fire frequency and controlling fire size.    
Lindbladh et al. (2003) studied pollen and macroscopic charcoal in three size 
classes (fragments >500, 1000–2000, and >2000 µm) from a 2500-year sediment record 
from a forested wetland site in the Hornsö-Allgunnen region of southeast Sweden.  The 
200 ha forest site is of concern to local conservation authorities due to its exceptionally 
large number of endangered species of beetle, many of which depend on open forest 
conditions (Lindbladh et al. 2003).  The different size classes of charcoal show large 
conformity throughout the record.  Charcoal analysis indicates frequent and continuous 
burning until AD 1850, when charcoal abundance significantly decreases.  The pollen 
data indicated that the site is more closed today than at any time in the past 2500 
14
C yr.  
The authors concluded that openness of the forest site in the past was a consequence of 
the long-term occurrence of frequent fires.  Lindbladh et al. (2003) suggested that open 
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forests conditions would need to be restored in order to conserve beetle assemblages at 
this site.             
 In the Florida Everglades, human alteration of the natural hydrologic regime, 
including a shift in the seasonality of freshwater flow, has rearranged and degraded native 
plant communities throughout the ecosystem (Bernhardt et al. 2004; Willard et al. 2006; 
Willard and Cronin 2007).  This degradation has prompted efforts to rehabilitate the 
natural hydrology and plant communities of the Everglades.  Willard and Holmes (1997) 
and Willard et al. (2001) analyzed pollen from surface samples and sediment cores from 
several sites throughout the Everglades and near Florida Bay.  Results of these two 
studies are consistent.  Pollen assemblages indicated that marsh and slough plants, 
primarily Cladium (sawgrass) and Typha (cattail), dominated plant communities for most 
of the last two millennia, until about AD 1950.  By AD 1960, the abundance of Cladium 
pollen and other marsh and slough pollen types in core samples had dropped to their 
lowest levels, with tree pollen becoming more abundant (Willard and Holmes 1997; 
Willard et al. 2001).  These records provided evidence of major vegetation changes in 
response to human-induced alterations to the Everglades hydrologic regime, and suggest 
that water depths were greater and hydroperiods were longer before the onset of water 
management practices.  This evidence plays an important role in determining hydrologic 
targets for the whole ecosystem (Willard and Cronin 2007).  These data also provide 
important information on how vegetation will respond to planned changes in water 
management (Bernhardt et al. 2004).  
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Hurricane and Tropical Storm Events and Their Representation in Sediment Records 
 Tropical cyclone activity in the North Atlantic Basin (including the North Atlantic 
Ocean, the Caribbean sea, and the Gulf of Mexico) exhibits significant interannual and 
interdecadal variability (Goldenberg et al 2001).  This variability is especially 
pronounced for cyclonic storms that develop into hurricanes.  Such variability can be 
attributed to changes in sea surface temperatures (SSTs), and to regional and global-scale 
climate phenomenon such as El-Niño Southern Oscillation (ENSO) (Liu and Fearn 2000; 
Goldenberg et al. 2001; Trenberth 2005).     
Overwash sand layers preserved in sediments of coastal lakes and other wetlands 
can provide a proxy record of hurricane strikes that extends beyond the historic period 
(Liu and Fearn 1993; 2000).  According to Liu and Fearn (2000), overwash occurs when 
the storm surge caused by a landfalling hurricane exceeds the height of the sand barrier 
(e.g., barrier beach or dune ridges).  Wave activity erodes sand from the overwashed 
beach into the lake, forming a fan that spreads out in the form of a sand layer on top of 
the organic material that generally accumulates in the lake.  This sand layer is thickest at 
the lake margin, and thinnest near the center.  Stronger hurricanes produce stronger storm 
surges, which produce thicker and more widespread sand layers in coastal lakes (Liu and 
Fearn 2000).          
 A sediment core from Western Lake revealed a 7000-yr record of environmental 
change and hurricane landfalls along the Gulf Coast of the Florida Panhandle (Liu and 
Fearn 2000).  Water and organic content of the sediments and pollen data suggest that the 
modern lake environment was established at ca. 5000 
14
C yr BP and has remained 
relatively unchanged since.  Prior to 5000 
14
C yr BP, the lake may have had a frequent 
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connection with the Gulf, such that sand layers deposited before 5000 
14
C yr BP cannot 
be directly attributed to hurricane events.  Stratigraphic data show that 11 distinct sand 
layers occur between 1.6 and 0.4 m depth in the core, suggesting that 11 hurricanes struck 
the Panhandle of Florida between 3400 and 1000 
14
C yr BP.  Evidence for hurricane 
activity from 5000–3400 14C yr BP was all but absent, as only one distinct sand layer 
occurred in the past 1000 yr.  The authors suggested that continental-scale shifts in 
atmospheric circulation patterns may cause shifts in hurricane frequency in the Florida 
Panhandle during the late Holocene.  
 Tropical storm events might also leave other evidence in lake sediments.  S. Horn  
(pers. communication, Oct 19, 2009) suggested that defoliation of trees in hurricanes 
could lead to layers of leaves in sediment cores following hurricanes.  Hurricanes can 
have damaging effects on vegetation.  Hurricane Andrew in 1992 left a 50 km wide band 
of defoliated vegetation across southern peninsular Florida (Platt et al. 2000).  In 2005, 
researchers from the National Park Service South Florida/Caribbean Monitoring Network 
and the U.S. Geological Survey sampled storm deposits from Hurricane Wilma in the 
Everglades region.  At a soil surface monitoring site, the researchers found that Hurricane 
Wilma had deposited a 30–60 cm thick storm-deposit layer, consisting of very fine 
material on top underlain by mangrove leaf matter (Whelan and Smith 2006).  At site 
Shark River 3 on the southwest Florida coast, researchers found layers of mangrove 
leaves that had been covered by sediment deposited by the storm surge (Smith et al. 
2005).       
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Sea level Changes and Their Indication in Pollen Records 
 Since the last glacial maximum ca. 18,000 yr BP, global sea level has risen about 
120 m (Maul and Martin 1993).  This change in sea level has affected south Florida and 
the low-lying islands of the Florida Keys.  Lidz and Shinn (1991) extrapolated a sea level 
curve to 8000 
14
C yr BP that shows sea level had risen to 0.5 m below present-day levels 
by 2000 
14
C yr BP.  
 Sea level changes have strong effects on coastal vegetation.  Mangrove 
communities are the dominant coastal vegetation type throughout the tropics, south 
Florida, and the Florida Keys (Blasco et al. 1996; USFWS 1999a; Peros et al. 2007).  
Common mangrove species include Rhizophora mangle (red mangrove), Avicennia 
germinans (black mangrove), Laguncularia racemosa (white mangrove), and 
Conocarpus erectus (buttonwood mangrove), all of which are adapted to brackish 
environments (USFWS 1999a; Peros 2005).  These taxa form a markedly uniform pattern 
of zonation along coastlines (Blasco et al. 1996).  Rhizophora occupies the most outward 
(seaward) portion of the littoral zone, followed by Avicennia then Laguncularia, with 
Conocarpus forming the landward most fringe in the upper portion of the intertidal zone 
(Blasco et al. 1996; Peros 2005).  Changes in relative sea level are one important factor 
that changes mangrove distributions (Blasco et al. 1996; Peros 2005).  Each species of 
mangrove lives in specific ecological conditions that approach the limits of their 
tolerance levels with respect to soil and water salinity and inundation regime (Blasco et 
al. 1996).  If those conditions change, for example due to changes in sea level, mangrove 
species either readjust or succumb to unsuitable conditions (Blasco et al. 1996).  For this 
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reason, pollen of mangroves can be an indicator of past sea level (Blasco et al. 1996; 
Peros 2005; Gabriel et al. 2009)  
In the Rio Hondo region near the Belize border, Torrescano and Islebe (2006) 
investigated a sediment core that revealed mangrove and tropical forest change since ca. 
5000 
14
C yr BP.  The early part of the record was dominated by mesic forest taxa, with 
Moraceae and Fabaceae pollen most abundant.  A clear change in forest composition 
occurred between ca. 4600 and 4000 
14
C yr BP, when pollen of Rhizophora mangle and 
Conocarpus erectus significantly increased, and forest taxa decreased.  After ca. 4000 
14
C 
yr BP, pollen of C. erectus dominated the record.  The authors suggested that changes in 
forest composition and increased abundance of C. erectus in the pollen record was due to 
a rise in relative sea level and a shift to a higher salinity, drier environment. 
Kjellmark (1995) studied pollen in a sediment core from Stalactite Blue Hole on 
Andros Island, The Bahamas.  The core is estimated to span the last 2390 
14
C yr BP.  The 
percentage of Pinus pollen is high over much of the record, but it declines significantly 
above the 30 cm level.  This change occurred when pollen of Conocarpus erectus became 
a dominant pollen type in the profile.  Kjellmark (1995) suggested that this change was 
due to rising sea level, which raised the water table enough to convert many hectares of 
pine forest into wet shrublands dominated by buttonwood mangrove.  
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CHAPTER 3 
 
Environmental and Cultural Setting 
 
 
Study Area 
 
The Florida Keys are a chain of limestone islands that extends some 210 km from 
Soldier Key southwest to Key West (Figure 3.1).  The islands have traditionally been 
grouped into the Upper, Middle, and Lower Keys, a classification based on contrasting 
climate, geological, and geographical features (Lidz and Shinn 1991; Ross et al. 1992).  
The National Key Deer Refuge (NKDR) managed by the U.S. Fish and Wildlife Service 
is located on Big Pine Key and 25 nearby islands in the lower Florida Keys, 
approximately 85 km southwest of the southern tip of mainland Florida (Carlson et al. 
1993; Barrett et al. 2006) (Figures 3.1 and 3.2).  My study site, Key Deer Pond (24° 42′ 
29.50″ N, 81° 22′ 36.12″ W; GPS data by K. Orvis), is a small, shallow, freshwater pond 
in a solution hole located within the boundaries of the NKDR on Big Pine Key (Figure 
3.3).  Key Deer Pond is located northeast of the Blue Hole quarry between Pine Avenue 
and Key Deer Boulevard.      
 
Geological and Physiographic Setting  
The lower Florida Keys extend from Little Duck Key about 60 km west to Key 
West (Ross et al. 1994).  Surface geology consists mostly of inorganically produced 
oolitic limestone, a rock composed of small spherical pellets of calcium carbonate 
originally precipitated underwater in a shallow, low-energy marine environment (Lidz  
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Figure 3.1  Recent satellite image of (1) south Florida and the Everglades; (2) Florida 
Keys; (3) Cuba; and (4) The Bahamas.  The darkness of the blue is proportional to water 
depth.  The white colored objects are clouds. (NASA/courtesy of nasaimages.org).  
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Figure 3.2  Recent satellite image of the lower Florida Keys numbered to indicate (1) Big 
Pine Key; (2) Little Torch Key; (3) Middle Torch Key; (4) No Name Key; and (5) Key 
West.  The National Key Deer Refuge is located on Big Pine Key and 25 nearby Keys 
between Big Pine Key and Key West.  The darkness of the blue is proportional to water 
depth.  The white colored haze is cloud cover. (NASA/courtesy of nasaimages.org).  
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Figure 3.3  Location of Key Deer Pond and a second coring site, Blue Hole Wetland, on 
Big Pine Key in the lower Florida Keys.  This false-color visible infrared image is from 
the United States Geological Survey; core site locations from GPS data by K. Orvis.  
Main East-West road near bottom of the image is Big Pine Street.  North-South road on 
the right (forming eastern border of forest patch) is Pine Avenue.  Key Deer Boulevard 
trends Northwest-Southeast.  Typical pine rockland vegetation in managed fire rotation in 
this infrared image is mottled pink and gray, except for stands recently burned or 
otherwise disturbed (darker gray patches at top of image, including wetland).  Long-
unburned tree stands near housing show deeper shades of red.  
 
 
 
 
 
 
 
 
 
Key Deer Pond 
Blue Hole Wetland 
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and Shinn 1991; Lidz et al. 2003).   During times of low sea-level, these pellets, or ooids, 
became exposed to precipitation, and some of the lime was dissolved and reprecipitated  
around the ooids as cement, binding them together into hard rock (Snyder et al. 1990; 
Obeysekera 1999).  Over many cycles of sea level change, this process gradually built up 
the rock formation known today as the Miami limestone formation.  The lower Florida 
Keys represent elevated portions of the Miami oolitic limestone formation, which also 
forms the bedrock of the southern Everglades and adjacent Miami Rock Ridge.     
Solution holes and uneven loose rock rubble characterize the karst surface.  
Solution holes are formed by the dissolution of rock below the surface followed by the 
collapse of the top, and can be several meters wide and deep (USFWS 1999a).  Organic 
materials and humus accumulate within the collapsed portion (Snyder et al. 1990).  Due 
to the high porosity of the Miami limestone substrate, surface drainage in the lower Keys 
is usually very rapid, and no rivers, streams, or other sources of overland flow exist 
(USFWS 1999a).  The only exception may be during periods of intense rain during the 
wet season, which periodically result in short periods of inundation and slow-flowing 
surface water (USFWS 1999a).  Although the Miami oolitic rock is highly porous, it has 
low permeability.  This reduces salt and freshwater mixing, and maintains a nearly fresh 
groundwater lens (Ross et al. 1992).  These groundwater lenses exhibit only minor 
seasonal changes in extent, depth, and salinity (Ross et al. 1994).  In general, mean 
ground water is usually slightly higher (30 cm or less) than mean sea level (Ross et al. 
1992).  
Soils in lower Keys pine rocklands differ greatly from those found elsewhere in 
Florida.  The oolitic rock is at or very near the surface, and soil development is minimal.  
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Soils are generally composed of small accumulations of nutrient-poor sand, marl, and 
clayey loam and organic debris in depressions and crevices in the rock surface (Snyder et 
al. 1990; USFWS 1999a).        
The Florida Keys have been affected by changes in sea level throughout the 
Pleistocene and Holocene.  The extent of these fluctuations can be seen in three 
Quaternary shorelines, ranging from the Wicomico shoreline when sea level was about 
30 m higher than present during the early Pleistocene, through the late Pleistocene 
Wisconsinan shoreline of about 20,000 
14
C yr BP when sea level was roughly 100 m 
below present, to the present-day shoreline (Obeysekera 1999).  Evidence for sea-level 
changes include fossil corals, laminated CaCO3 crusts (caliche or soilstone), offshore peat 
deposits, bedrock contours, root casts, molds, and offshore dead snags and logs 
(Fairbanks 1989; Lidz and Shinn 1991; Ross et al. 1994; Toscano and Macintyre 2003).  
Since the middle Holocene, sea level has risen.  By approximately 8000 
14
C yr BP, sea 
level had risen to at least 8.5 m below present level.  The Florida Keys remained part of 
the Florida peninsula until about 4000 
14
C yr BP, when rising seas began to inundate low-
lying areas, leading to the formation of islands.  At 2000 
14
C yr BP, sea level was 0.5 m 
below present and shorelines were similar to those of today (Lidz and Shinn 1991).  Sea 
level reconstructions for the past 8000 
14
C yr BP indicate that sea level has risen on 
average 1.1 m/1000 
14
C yr BP (Lidz and Shinn 1991).  In the past 80 to 90 years, sea 
level at Key West has risen at a rate of about 0.22 cm/yr (Ross et al. 1994; Obeysekera 
1999; Toscano and Macintyre 2003).  At present sea levels, few places in the lower Keys 
reach elevations >2 m above sea level (Ross et al. 1994; USFWS 1999a).   
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Climate 
 
Although the Florida Keys lie a few degrees north of the Tropic of Cancer (23.5° 
N), the climate can be considered tropical, with a warm winter and a hot tropical summer 
(Ross et al. 1992).  The climate of the region is significantly moderated by the Gulf of 
Mexico, the Atlantic Ocean, and the Gulf Stream, which act to warm the air masses that 
cross them (Obeysekera 1999).  Because of this maritime effect, temperature is generally 
uniform across the Keys, with only minor variation between summer and winter.  In the 
lower Florida Keys, mean annual daily temperatures in July range between 27 ° (81 °F) 
and 29 °C (84 °F), and in January range between 18 ° (64 °F) and 21 °C (70 °F) (Snyder 
et al. 1990).  The lower Keys do not experience freezes (Snyder et al. 1990; Obeysekera 
1999).  
The rainfall regime is highly seasonal, with a distinct wet-dry cycle.  The wet 
season begins when rainfall increases in late May, and typically extends through 
September.  The dry season extends roughly seven months from October through May 
(Snyder et al. 1990).  Rainfall tends to be unevenly distributed, with the lower Florida 
Keys receiving 890 to 1015 mm/yr, of which 75% is concentrated in the wet season (Ross 
et al. 1994).  Wet season rainfall is primarily a result of tropical storms, including 
hurricanes, tropical low pressures, and convection thunderstorms.  These systems 
primarily occur between the months of August and October (Obeysekera et al. 1999).  
Dry season rainfall events are associated with the passage of cold fronts, which sweep 
down into south Florida during late fall, winter, and early spring.  
Tropical storms, including hurricanes, play a significant role in the climate of the 
Florida Keys.  Most tropical storms form from easterly (African) waves that propagate 
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westward from Africa across the tropical Atlantic and Caribbean Sea primarily between 
10° and 20° N.  Easterly waves account for ca. 60% of the Atlantic Basin tropical storms 
and non-major hurricanes and ca. 85% of major (category 3 or greater) hurricanes 
(Goldenberg et al. 2001).  South Florida is affected by tropical storms at a frequency of 
about once per year, and hurricanes about two to three times per decade (Snyder et al. 
1990; Obeysekera 1999; Blake et al. 2005).  Hurricanes almost always occur in 
September or October (Peros 2005).     
An important influence on regional tropical storm activity is the El Niño-Southern 
Oscillation (ENSO).  ENSO cycles, characterized by alternating periods of warm or cool 
sea surface temperatures in the central and eastern Pacific, have occurred with a 
periodicity of once every 3 to 7 years for the last 130 years (Beckage et al. 2003).  Warm-
phase ENSO conditions (El Niño) have been linked to decreased tropical storm activity in 
the North Atlantic Basin, and conversely for cool-phase ENSO conditions (La Niña) 
(Goldenberg et al. 2001).  Annual probability of a major hurricane making landfall in the 
United States is 23% during a (warm-phase) El Niño season, 58% during neutral 
conditions, and 63% during cold-phase (La Niña) conditions (Keim et al. 2004). 
 
 
Vegetation 
 
 Modern vegetation of the Florida Keys varies from northeast to southwest away 
from the mainland, and from island to island.  In general, the gradient is characterized by 
a decrease in forest stature and productivity from upper to lower Keys, as well as a 
change in species composition of upland forest types (Ross et al. 1994).   
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Vegetation communities of the lower Florida Keys are arranged along distinctive 
within-island gradients associated with elevation, soil development, and the frequency of 
inundation by tidal waters (Ross et al. 1994; USFWS 1999a; Snyder et al. 2005).  Most 
plant species are adapted to dry conditions that result from rapid runoff of rainfall 
(Barrett et al. 2006).  The flora is primarily of West Indian origin, with most species not 
occurring in North America outside of southern Florida and the Florida Keys (Ross et al. 
1994; USFWS 1999a; Barrett et al. 2006).   
Big Pine Key contains several vegetation communities including mangrove 
wetlands, buttonwood communities, freshwater marshes, tropical hardwood hammocks, 
and pine rocklands.  In south Florida, pine rocklands are found in the southern Big 
Cypress National Preserve, on the Atlantic Coastal Ridge of southeastern Florida, and in 
the lower Florida Keys (Doren 1993 et al. 1993; USFWS 1999a, Snyder et al. 2005).  
Perhaps 99% of pine rockland habitat outside of Everglades National Park has been lost 
to human influence (Snyder et al. 1990; USFWS 1999b).   
Lower Keys pine rocklands are found in high-elevation (1–2 m) environments in 
the interior of several islands large enough to support a significant fresh-water lens (Ross 
et al. 1992).  Ground water salinity is generally low, averaging 2–3‰ (Ross et al. 1992).  
My core site of Key Deer Pond is presently surrounded by pine rockland vegetation, with 
an upper canopy composed of a single tree, South Florida slash pine (Pinus elliottii var. 
densa), and a diverse open understory (Snyder et al. 2005).  The understory is dominated 
by a mixture of temperate and tropical hardwoods such as black-bead (Pithocellobium 
keyense), poisonwood (Metopium toxiferum), wax-myrtle (Myrica cerifera), buttonwood 
mangrove (Conocarpus erectus L.), locust berry (Byrsonima lucida), and myrsine 
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(Myrsine floridana), and a few species of palm including saw palmetto (Serenoa repens), 
silver palm (Coccothrinax argentata), and thatch palm (Thrinax morissii).  The 
herbaceous layer is very diverse, with a combination of grasses, sedges, and other herbs.  
Common angiosperms include members of the Poaceae, Asteraceae, Fabaceae, 
Cyperaceae, Rubiaceae and Euphorbiaceae families (Snyder et al. 2005).  Ferns include 
maidenhair pineland fern (Anemia adiantifolia) and lacy bracken (Pteridium aquilinum 
var. cuadatum), and are a common component of the herbaceous layer (USFWS 1999a). 
 
Fire Ecology of Florida Pine Rocklands  
The importance of fire in modern pine rockland ecosystems has long been 
recognized by ecologists and managers.  Periodic fire is required to maintain the open 
understory and to sustain the mixed-age pine stands that support a diversity of flora and 
fauna (Alexander 1967; Snyder et al. 1990, 2005; Carlson et al. 1993; Doren et al. 1993; 
USFWS 1999a; Liu and Menges 2005).  Fire controls, at least in part, whether pine 
rockland or hardwood hammock vegetation dominates uplands (Snyder et al. 1990).  
Where natural fire has been suppressed, fire-sensitive hardwood species have invaded 
pine rocklands, resulting in changes in forest composition and loss of vegetation 
characteristic of pine rocklands (Alexander 1967; Snyder et al. 1990, 2005; Carlson et al. 
1993; Ross et al. 1994; USFWS 1999a; Liu and Menges 2005).  Pine rocklands in which 
fire is excluded succeed to tropical hardwood hammocks with a relic overstory of pine 
within 20–30 years (Snyder et al. 1990, 2005).  Where fire has been excluded for long 
periods, fuel buildup has increased the risk for catastrophic fires (USFWS 1999b). 
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Pine rockland fires are low-intensity surface fires that have minimal effect on the 
pine canopy (Snyder et al. 2005).  The primary source of naturally occurring fire is 
lightning.  Most lightning-induced fires occur between May and September when 
convective thunderstorms are most common (Doren et al. 1993; USFWS 1999a; Liu and 
Menges 2005).  Larger fires most frequently occur during the early part of the wet season 
(Doren et al. 1993; USFWS 1999a).  Human-induced wildfires, in contrast, generally 
occur during the winter dry season (Liu and Menges 2005).   
Although long-term records of fire history are not available from lower Keys pine 
rocklands, plant species possess characteristics that increase survival in fire-prone areas, 
and that might indicate a long-term history of burning.  These include adaptations that 
allow plant species to survive fire and respond favorably to fire.  Pinus elliottii var. densa 
is considered fire dependent (Nelson 1994).  It has thick bark that protects the living inner 
bark and cambium, and its cones open best when subjected to heat (Snyder et al. 1990; 
Nelson 1994).  Many hardwood shrubs and herbaceous plants characteristic of pine 
rocklands resprout vigorously after fire (Snyder et al. 1990; Myers et al. 2004; Liu and 
Menges 2005; Snyder et al. 2005).  Fire prepares the seed bed for pine regeneration and 
stimulates seed dispersal and flowering and regeneration by seeds of many species 
(Doren et al. 1993; Liu and Menges 2005; Snyder et al. 2005).  Fires generally do not 
result in significant changes in species composition because almost all species are 
perennials that survive and recover in place (Snyder et al. 1990).      
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Pre-European Settlement 
The timing of human arrival and patterns of movement of prehistoric people 
around the islands of the Florida Keys are in large part unknown due to the paucity of 
archeological or paleoecological evidence of early human presence (Carr and Beriault 
1984; Worth 1995).  There exists considerable debate as to which historic Indians are the 
descendents of the first inhabitants of south Florida.  Wilkinson (2002b) suggested that 
the Calusa (Caloosa) are descendants of Paleo-Indians who inhabited southwest Florida, 
from the Gulf coast inland to Lake Okeechobee, approximately 12,000 years ago.  
Archeological materials from a site in Collier County in southwestern Florida have been 
dated to as early as 7000 yr BP (Carr and Beriault 1984).  The earliest dated 
archeological materials in southeastern Florida are from the Late Archaic around 4000 yr 
BP (Carr and Beriault 1984).  Some archeological evidence exists for the upper Florida 
Keys, but archeological sites are rare in the lower Florida Keys, and other evidence of 
past use of the area by aboriginal people is scant (Ross et al. 1994; Clark 2002; USFWS 
2002).  Dade County (Florida) archeologists uncovered fragmentary remains of a single 
temporary structure on Sugar Loaf Key, a nearby island.  However, that structure may 
date to the late 19
th
 or early 20
th
 century (Ross et al. 1994).  Remnants of what is thought 
to be a ―native‖ rock wall exist on nearby Ramrod Key, but no attempts have been made 
to date the structure (Clark 2002).    
The memoirs of a shipwrecked Spaniard provide information on human habitation 
in the Florida Keys in the middle 16
th
 century.  Hernando de Escalante Fontaneda was 
shipwrecked along Florida‘s southeast coast when 13 years old and spent 17 years as a 
captive of the Calusa tribe (Worth 2006).  Fontaneda became an interpreter for the 
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principal Calusa chief and was privy to information that lead historians to regard his 
memoirs as extremely reliable (Worth 1995, 2006).  
According to the account given by Fontaneda, inhabitants of the Keys, otherwise 
known as the Matecumbe Indians, were small groups most likely associated with the 
Calusa or Tequesta tribes of the Florida mainland (Goggin 1950).  Historical accounts 
suggest that they predominantly inhabited the upper and lower Matecumbe islands in the 
upper Florida Keys.  
Pedro Menéndez de Avilés of Spain founded St. Augustine, FL in 1565, and then 
turned his attention to the exploration of Florida.  During his exploration, Avilés made 
reference to a permanent Indian settlement in the Matecumbe area, although the exact 
location is unknown (Goggin 1950).  In 1573, Avilés petitioned Spain requesting 
permission to enslave the Indians who were living there (Goggin 1950).  The next 
mention of this settlement comes in 1605 from a group of Spanish missionaries.  In route 
to St. Augustine, their ship ran aground off of the coast of Matecumbe.  To free the ship, 
the missionaries received assistance and provisions from the Indians (Goggin 1950).   
These references are in good agreement with the written accounts of Fontaneda.  
The names of two settlements, Guarungunve and Cuchiyaga, are noted in Fontaneda‘s 
manuscript, in which he also mentioned a combined population estimate of 1000 (Worth 
2006).  Later, in 1675, Gabrial Diez Vara Calderón, Bishop of Cuba, made a trip to 
Florida to inspect Franciscan missions.  In his personal account, he listed a number of 
Indian groups living in camp settlements predominantly in the Matecumbe region.  
Among these groups were the ―Cuchiagaros,‖ who may have occupied Big Pine Key 
(Goggin 1950).   
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Based on these accounts, south Florida Indians inhabited portions of what today is 
the upper Florida Keys.  Moreover, it seems possible that they might have migrated as far 
south as the lower Florida Keys.  However, the limited archeological and historical 
evidence of aboriginal occupancy leaves many questions regarding the degree to which 
they may have modified the natural environment.  Also unclear is whether they 
established permanent settlements anywhere in the Florida Keys prior to the late 16
th
 
century.   
The 18
th
 century saw many changes in land tenure in the Keys, as the islands 
passed from Spain to Britain, back to Spain, and finally to the United States (USFWS 
2002).  By the early 18
th
 century, diseases spread by Spanish explorers and enslavement 
of indigenous people greatly reduced the population of Native Americans living on the 
Keys (Goggin 1950; Worth 2006).  In 1704, Cuban authorities granted permission for the 
permanent immigration of a group of Indians from Key West (Cayo de Huesos) (Worth 
2004).  Surviving south Florida Indian refugees living between Miami and Key West did 
not create permanent settlements, perhaps to avoid the possibility of slavery (Worth 
2004).  The Seven Years War beginning in 1756 ultimately signaled the end of 
Indigenous Indian habitation in the Florida Keys.  Beginning in 1757, a series of 
aggressive assaults by English-allied Creek Indians were aimed at remaining South 
Florida Indians living in Miami and the Florida Keys (Worth 2004).  On May 17, 1760, 
under the repressive conditions associated with the Spanish occupation, remaining Native 
American inhabitants of the Keys and Miami fled to La Cabaña, Cuba, and were 
assimilated into the local population (Worth 2004).  This ended the period of prehistoric 
culture in the Florida Keys (Clark 2002; Worth 2004, 2006).  
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European Settlement 
Widespread European settlement in the Florida Keys did not occur until the early 
19
th
 century.  Most permanent settlements were concentrated in the upper and middle 
Keys.  Key West was the most densely populated island in the lower Florida Keys from 
the time of its initial settlement in the 1820s through the early years of the 20
th
 century 
(Snyder et al. 1990).  From 1845 to 1915, the U.S. government deeded to Florida 3208 
acres on Big Pine Key (Simpson 1982; Wilkinson 2002a).  Some was given to railroad 
companies and some was allocated for homesteading or industry.  Still, until the middle 
1900s, with the exception of Key West, the lower Florida Keys were sparsely populated.   
In 1870, the census enumerator listed only one family on Big Pine Key 
(Wilkinson 2002a).  In late 1906, The Florida East Coast Railroad came to Big Pine Key.  
The arrival of the railroad did affect Big Pine Key, but not to the same extent as it did 
other keys.  No permanent facilities were built for laborers, in large part because Big Pine 
Key had only a very small population (Wilkinson 2002a).  Instead, a temporary fresh 
water resource and camp for about 400 railroad employees were constructed.  These 
facilities were abandoned after railroad construction was completed in Big Pine in 1907, 
and the entire work force moved to Sugar Loaf Key (Wilkinson 2002a).  As a point of 
reference, the population of Big Pine Key in 1910 was 17 (Wilkinson 2002a).  From 
1914 to 1925, 10 subdivisions were filed on Big Pine Key (Wilkinson 2002a).  By 1926, 
the majority of land on Big Pine Key had been taken, with most going to railroad 
companies and homesteading, but few people were living there (Simpson 1982; 
Wilkinson 2002a).   
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In the 19
th
 and early 20
th
 centuries, most Keys occupants supported themselves 
through fishing and other sea industry or farming of fruits such as pineapple, mango, Key 
limes, bananas, and tomatoes (Wilkinson 2002a).  Not until 1906, when the Florida East 
Coast Railroad reached Miami, did commercial pine logging begin (Snyder et al. 1990).  
However, exploitation of pine rocklands for timber was concentrated in mainland Florida, 
and pine rocklands of the Lower Florida Keys escaped this logging (Simpson 1982; 
Doren et al. 1993; Ross et al. 1994; Wilkinson 2002a).  Most clear-cutting that took place 
in the lower Keys was concentrated in Key West, where hammock trees were exploited 
for timber, firewood, and charcoal.  Some early settlers practiced slash and burn 
agriculture within hammock communities (Snyder et al. 1990).  Nevertheless, in the 
lower Florida Keys, logging and charcoal production were uncommon outside of Key 
West (Simpson 1982; Doren et al. 1993; Ross et al. 1994; Wilkinson 2002a).   
Charcoal production was labor and time intensive in the Keys.  Big Pine Key had 
only one resident listed as a charcoal burner (Wilkinson 2002a).  The process involved 
cutting buttonwood shrubs, piling them in a pyramid, and covering them with canvas and 
seaweed to contain the heat.  The fire was started in the bottom center.  The process took 
several days, and the fire had to be monitored to ensure that the fire would neither go out 
nor escape into surrounding forests (Wilkinson 2002a).   
The great depression of the early 1930s weakened the Keys economy, and the 
hurricane of 1935 destroyed the overseas railroad.  This cut Big Pine Key off from the 
mainland, discouraging further settlement in the lower Keys (Simpson 1982).  In 1938, 
Highway US 1 replaced the railroad, but it only ran from the mainland to the Matecumbe 
Islands.  To travel to the lower Florida Keys, one had to take a 40 mile ferry ride from 
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Matecumbe to No Name Key, and then cross the ―Old Wooden Bridge‖ to Big Pine Key 
(Clark 2002).  As a result, only small farming and fishing industries remained (Wilkinson 
2002a).  The population on Big Pine Key did not begin to increase until the 1950s, when 
construction of the overseas highway began and a network of roads was established on 
the islands (Clark 2002; USFWS 2002).  Piped drinking water, electricity, and other 
development quickly followed.  Since about 1970, Big Pine Key has experienced roughly 
a 10-fold increase in human population and urban development (Harveson et al. 2007).  
At present, the population of Big Pine Key and neighboring No Name Key is 
approximately 5000 (Harveson et al. 2007). 
 
 
Present Day Management of Pine Rockland Ecosystems of the Lower Florida Keys 
 
Pine rockland is globally imperiled and extremely limited in distribution.  
Estimates are that pine rocklands once covered a combined ca. 65,000 ha on the Atlantic 
Coastal Ridge of southeast Florida, in today‘s Big Cypress Preserve and Everglades 
National Park, and in the lower Florida Keys (USFWS 1999a).  Land development and 
other human impacts have significantly reduced and fragmented pine rockland habitat in 
Florida (Snyder et al. 2005).  As a result, many critical ecosystem processes have been 
altered, including the natural fire regime (Snyder et al. 2005).  Also, several non-native 
invasive plant species (e.g., Casuarina) have been observed in the pine rocklands 
(USFWS 1999a; Snyder et al. 2005; C. Bergh, pers. communication, Nov 21, 2007; P. 
Schmidt, pers. communication, Oct 26, 2007).     
To conserve and protect pine rockland habitat and the diminutive Florida Key 
Deer that inhabit the pine rocklands, the United States Fish and Wildlife Service 
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established the National Key Deer Refuge (NKDR) in the lower Florida Keys in 1957.  
At present, approximately 700 ha of pine rockland habitat is scattered over seven islands 
in the lower Florida Keys, with most occurring within NKDR (USFWS 1999a; Snyder et 
al. 2005).  Approximately 650 ha of Big Pine Key is pine rockland, 389 of which are 
protected within NKDR boundaries (Carlson et al. 1993).  The majority of remaining 
portions are in small, privately owned parcels (Snyder et al. 2005). 
Lower Keys pine rockland habitat supports several federally listed plant species 
including garber‘s spurge (Chamaesyce garberi), deltoid spurge (Chamaesyce deltoidea 
spp. deltoidea), and tiny polygala (Polygala smallii) (USFWS 1999a).  Several of these 
species are endemic to south Florida, and some only occur in the Lower Keys.  Pine 
rocklands also provide critical foraging habitat for an array of wildlife, including five 
federally listed species (USFWS 1999a).   
One such species is the endangered Florida Key Deer (Odocoileus virginianus 
clavium), a subspecies of North American white-tailed deer endemic to the Florida Keys 
archipelago and the southern end of the Florida peninsula (USFWS 1999a).  The current 
range of Key Deer, which lies completely within the boundaries of the NKDR, is 
restricted to 20−26 islands in the lower Florida Keys between West Summerland Key and 
Sugarloaf Key (Lopez 2001; Barrett and Stiling 2006).  Only 12 of those islands are 
frequently used by Key deer and many of the smaller islands are used only transiently 
(mainly during the wet season) as the deer move from one island to another (Lopez 2001; 
Barrett et al. 2006).  
The importance of pine rocklands in providing food sources and fawning habitat 
for Key deer is well documented (Carlson et al. 1993; USFWS 1999a; Lopez 2001; 
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Lopez et al. 2004).  Many of the important Key deer food plants are stimulated by fire 
(Carlson et al. 1993; USFWS 1999b).  Consequently, Key deer more often browse 
recently burned pine rocklands (Barrett 2004).   
The uniqueness and rarity of pine rockland ecosystems, and the critical habitat 
these communities provide for many imperiled and endemic species, have led to strong 
efforts by NKDR management to appropriately manage and restore remaining rockland 
fragments (USFWS 1999a; P. Schmidt, pers. communication, Oct 26, 2007).  Until 
recently, management activities have been limited to controlling access to the area and 
conducting sporadic prescribed burns.  That the NKDR has not launched a 
comprehensive fire management program involving prescribed burns is in part because 
the proper fire frequency to maintain pine rocklands is not yet known (Snyder et al. 1990; 
Carlson et al. 1993; USFWS 1999b; Liu and Menges 2005; Snyder et al. 2005).   
Florida pine rocklands are considered to be ecologically very similar to the 
Bahamian pine rocklands in terms of forest structure, species composition, pine 
regeneration, and responses to fire (Myers et al. 2004).  The Nature Conservancy 
published a report (Myers et al. 2004) that described the fire management and research 
needs facing the conservation of the pine rockand ecosystems of Andros and Great Abaco 
Islands, The Bahamas.  Myers and collaborators conjectured that a fire regime 
characterized by low-intensity, surface fires at intervals of one to seven or ten years is 
required to maintain the biodiversity characteristic of Bahamian pine rocklands.  This fire 
return interval is consistent with the findings of Miller (2007), who conducted a 
dendrochronological study on Pinus caribaea (Caribbean pine) in pine rockland forests 
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of Abaco Island, The Bahamas.  She found that these pine forests experience fire once 
every one to five years. 
At present, few data exist on the history of fire in lower Keys pine rocklands.  
Bergh and Wisby (1996) mapped occurrences of controlled burns and wildfires between 
1960 and 1996 within the NKDR.  Certain areas of pine rockland habitat on Big Pine Key 
experienced fire in 1966, 1977, 1985, 1986, 1987, 1990, 1991, 1994, and 2003 whereas 
other areas have not burned in at least 50 years (Snyder et al. 2005; Barrett and Stiling 
2006).   Some of these fires were lightning induced, while others were management fires 
(Bergh and Wisby 1996; Barrett and Stiling 2006).  The long-term, natural fire regime 
remains largely unknown (USFWS 1999b; Liu and Menges 2005).  Based on 
observations over the past few decades, and studies of the dynamics of pine rockland 
vegetation, researchers have proposed that the shortest fire interval to maintain pine 
rockland vegetation may be 2 to 3 years and the longest interval 10 to 20 years (Snyder et 
al. 1990; Carlson et al. 1993; USFWS 1999a).  However, field evidence of fire and 
vegetation history in particular places needs to be studied to test ideas on fire return 
intervals needed to maintain pine rocklands.      
USFWS authorities and NKDR management have consequently identified fire 
history research, restoration of the ―natural‖ fire regime, and increased public awareness 
of the role of fire as critical components to pine rockland recovery (USFWS 1999a; 
1999b; P. Schmidt, personal communication).  The NKDR and USFWS demonstrated 
interest in obtaining paleoecological evidence of past fire and vegetation in the NKDR as 
a means to provide a longer term perspective for management.  Additionally, the USFWS 
is currently funding work on tree-ring evidence of fire history in the lower Keys pine 
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rocklands that will complement this research.  This study of charcoal and pollen records 
from sediments in solution holes in pine rocklands aims to provide long-term evidence of 
vegetation and fire history that will help us better understand the environmental history of 
imperiled pine rockland habitat.  
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CHAPTER 4 
Methods 
Field Methods 
 Dr. Sally Horn, Dr. Ken Orvis, and I investigated potential core sites within the 
NKDR management area (Fig. 3.2) of the lower Florida Keys from February 25–27, 2007 
with support from NKDR and The Nature Conservancy.  Based on this reconnaissance, 
we selected two sites on Big Pine Key to be cored in a return visit: Key Deer Pond, the 
focus of this research, and Blue Hole Wetland, located ca. 500 m west of Key Deer Pond 
(Figure 3.3.).  S. Horn and I, along with other students (Horn 2008), carried out initial 
analysis of pollen and charcoal in the Blue Hole Wetland core; undergraduate student Jeff 
Malik will expand upon these results for his undergraduate Honors Thesis.  
 In August 2007, Dr. Horn, Dr. Orvis, and I collected sediment cores from both 
sites using a Colinvaux-Vohnout locking piston corer (Colinvaux et al. 1999) operated 
from a platform extending across the solution holes.  The platform at Key Deer Pond was 
constructed with an extension ladder and two 2x8 planks (Figure 4.1).  We recovered 
overlapping core sections from a series of holes, along with two mud-water interface 
cores using a plastic tube fitted with a rubber piston.  We also collected (in February 
2007) a grab sample from the uppermost sediments.   
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Figure 4.1  Coring platform used at Key Deer Pond.  Photograph by S. Horn. 
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Laboratory Methods 
 The sediment cores in their original aluminum coring tubes were returned to the 
Laboratory of Paleoenvironmental Research at the University of Tennessee.  Core 
sections were opened longitudinally using a specialized router, and sediment inside the 
core tubes was then sliced longitudinally into two halves using a thin wire.  The freshly 
cut core sections were then photographed by S. Horn and described by me and graduate 
students Maria Caffrey and Matt Valente on the basis of Munsell color, stratigraphy, and 
texture.  Core halves were labeled A and B.  One B half of each core was used for 
sampling and the A half was archived.  My research focused on sediments from Holes 1A 
and 1C at Key Deer Pond, which together comprise a profile that spans 3.51 m.  I 
sampled each B core half for pollen and microscopic charcoal at intervals of 16 cm, and 
the upper 1 m at Hole 1A for macroscopic charcoal at contiguous 1 cm intervals.  I also 
analyzed the grab sample from the surface of Key Deer Pond for pollen and microscopic 
charcoal to document the modern palynological signature at the site.     
 
Radiocarbon Dating and Core Chronology 
 With assistance from undergraduate student Charles Batey, I selected and 
removed a series of organic macrofossils from the Key Deer Pond core sections for 
radiocarbon dating.  The macrofossils were removed at intervals of ca. 10–15 cm, or at 
closer intervals where abrupt changes in lithology occurred, or where we observed 
particular good samples for radiocarbon dating.  The materials were rinsed with distilled 
water, transferred to Petri dishes, labeled, and oven dried over night.  Dr. Horn and I 
selected eight organic macrofossil samples to submit for radiocarbon dating to determine 
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the chronology of the sediment profile.  The eight samples consisted of macroscopic 
charcoal fragments, a pine needle and dicot leaf fragment, a fragment from a pine cone, a 
pine twig, and a piece of wood, and all were submitted to Beta Analytic Laboratory for 
Accelerator Mass Spectrometry (AMS) radiocarbon dating.  The AMS dates provided by 
Beta Analytic were calibrated using CALIB 5.0.1 (Stuiver and Reimer 1993) and the 
dataset of Reimer et al. (2004).  I created an age-depth model using the weighted means 
of the probability distributions of the calibrated radiocarbon dates.   
 
Microfossil Preparation and Loss-on-Ignition  
 I sampled the core sections from Key Deer Pond Holes 1A and 1C at 16 cm 
intervals for pollen and microscopic charcoal analyses and for water content and loss-on-
ignition (LOI, Dean 1974).  With assistance from graduate student Maria Caffrey, 
sediment samples of 0.5 cm
3
 volume were processed for pollen and charcoal analysis 
using standard palynological procedures (HF, HCl, KOH, acetolysis; Berglund, 1986, 
Appendix A).  Tablets with Lycopodium spores were added to enable calculation of 
pollen and charcoal concentrations and influx (Stockmarr 1971).  Duplicate samples of 
0.5 cm
3 
were removed from the same core section intervals for the LOI analysis.  These 
were placed in pre-weighed crucibles, weighed, dried for 24 hours at 100 
°
C, and then 
reweighed to determine water content.  Samples were then ignited in a muffle furnace at 
550 
°
C for 1 hour and again at 1000 
°
C for 1 hour to estimate organic and carbonate 
content (Dean 1974). 
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Pollen Analysis 
 The processed pollen residues were mounted on microscope slides in silicone oil 
and counted at 400x magnification to a minimum of 300 pollen grains, exclusive of 
indeterminate pollen grains and fern spores.  Pollen grains were counted on 21 out of the 
22 levels in the profile because one sample, from 323 cm deep, was determined to be 
uncountable due to poor pollen preservation.  I identified pollen grains to the lowest 
taxonomic level possible using pollen reference slides in our lab collection and various 
published keys including Pollen and Spores of Barro Colorado Island (Roubik and 
Moreno P. 1991), the Atlas of Pollen and Spores of the Florida Everglades (Willard et al. 
2004), and the online Key to Pollen of the Bahamas (Snyder et al. 2007).  I also referred 
to sketches of pollen grains that I made with the assistance of Dr. Suzanne Koptur, based 
on my examination of reference pollen slides in her collection at Florida International 
University.  I distinguished Conocarpus erectus pollen based on its perfect spheroidal 
shape, but grouped other Combretaceae pollen with Melastomataceae pollen, as these 
families produce morphologically very similar heterocolpate pollen grains.  I also 
grouped Eugenia and Psidium pollen grains.  These taxa in the Myrtaceae have some 
morphological differences, but I did not recognize the differences until late in the process 
of counting my samples.   
Indeterminate pollen grains were classified as such based on four factors: 
corrosion, degradation, mechanical damage, or concealment by detritus (Delcourt and 
Delcourt 1980).  However, I did not keep track of each category, as indeterminate pollen 
grains made up only a very small percentage of the total pollen sum.  I sketched and 
described all unknown pollen grains for later reexamination.  Unknown grains made up 
 51 
only a very small fraction of total pollen grains.  Fern spores were classified by 
morphology (monolete or trilete). 
I compiled all pollen, fern spore, and LOI data into excel spreadsheets and 
produced pollen diagrams using the program C
2
, which is a software program designed 
for ecological and paleoecological data analysis and visualization (Juggins 2003).         
 
Microscopic Charcoal Analysis 
 I quantified microscopic charcoal (fragments <125 µm) on the pollen slides using 
a modified version of the point counting method described by Clark (1982).  Using the 
ends of the major divisions of my eye piece reticule, I ―applied‖ 11 points to an average 
of 15 fields of view along transects spaced 0.5 mm apart that covered the entire slide.  
The total points applied top each slide was from ca. 4500−7000.  A ―hit‖ was scored if a 
charcoal fragment was touching a point.  I counted as charcoal only those fragments that 
appeared black, angular, and opaque (Anchukaitis and Horn 2005).  The number of 
Lycopodium marker spores present in each field of view was also recorded.  The charcoal 
hits, marker spore counts, points applied, and fields of view were used to estimate the 
total charcoal area in the entire pollen sample using calculations based on Clark (1982) 
with some modifications by S. Horn (Appendix B).  For most samples, the relative error 
of the charcoal estimate was 10−25 %; a few samples with lower charcoal abundance had 
relative errors as high as 38% calculated as in Clark (1982).  The total charcoal area 
values were then converted to influx values (mm
2
/cm
2
/yr), which take into account the 
varying number of years represented by each sediment sample; charcoal to pollen ratios; 
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and concentrations expressed as charcoal on a wet volume (mm
2
/cm
3
 wet sediment) and 
dry mass (mm
2
/g dry) basis. 
 
Macroscopic Charcoal Analysis 
 Macroscopic charcoal was examined at high resolution in the upper meter of the 
Key Deer Pond profile.  With assistance from graduate student Alisa Hass, the uppermost 
core section (Hole 1A; 0.11–1.11 m) was sampled at contiguous 1-cm intervals using a 
brass sampler with a rectangular cutting edge.  Designed and fabricated by R. Horn, the 
sampler extracts samples with a volume of 4 cm
3 
over a core depth increment of 1 cm.  
Samples were soaked overnight with cosmetic grade 3% hydrogen peroxide 
(Schlachter and Horn, in press).  The samples were then gently wet-sieved through 
screens with mesh sizes of 250 and 500 µm using a spray of distilled water from a RL 
Flo-Master 7.6-1-capacity sprayer.  Retained particles were transferred to Petri dishes and 
counted under a stereo binocular dissecting scope at 10–40x magnification.  Particles that 
appeared black with an iridescent sheen, were angular, and showed cellular structure 
were identified as charcoal particles. 
 Charcoal counts were converted into charcoal concentrations (particles/cm
3
).  The 
charcoal concentration data were then divided by the time in years represented by the 
sample (yr/cm), as estimated by the age-depth model, to calculate charcoal influx  
(particles/cm
2
/yr).  
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CHAPTER 5 
Results 
Sediments and Stratigraphy 
 The sediment corer we used at Key Deer Pond is designed to recover sediment 
cores in 1-m long sections.  We collected a total of 9 core sections from two areas of the 
pond, including material from parallel holes at each site.  We reached a depth of 3.51 m 
at site 1, and about 3.0 m at site 2.  This thesis focuses on the deeper profile obtained at 
site 1.  Here, we collected three successive core sections in Hole 1A (0.11–1.11 m, 1.11–
2.11 m, and 2.11–2.64 m below the mud-water interface), two successive core sections 
from Hole 1B (0.61–1.61 m and 1.61–2.61 m below the mud-water interface), and two 
successive core sections from Hole 1C (1.61–2.61 m and 2.61–3.51 m below the mud-
water interface).  The deepest core section from Hole 1C bottomed out on rock.  Hole 1B 
was located approximately 0.62 m east of Hole 1A, and Hole 1C was located 
approximately 0.93 m east of Hole 1A.  Both core sections from Hole 1B were 
anomalously watery, either because of a malfunction with the corer or because the 
sediments had been disturbed by coring at 1A.  For my thesis research, I analyzed the 
three core sections from Hole 1A and the lower section from Hole 1C. 
 The core sections from Holes 1A and 1C consist primarily of dark (mainly 
Munsell 10YR 3/2 to 2/1) sediments, generally becoming more organic with depth (Table 
5.1, Figure 5.1).  A 9-cm thick silty layer (10YR 6/3) from 122–131 cm marks the only 
interruption of organic sedimentation.  Wood and other plant fragments are abundant in 
the core sections. 
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Figure 5.1  Sediment Stratigraphy of Hole 1A and 1C, Key Deer Pond.  Numbers at ends 
of core sections indicate core section lengths, and center bars on each scale show mid-
points of each core section.   
Hole 1A 
0.11–1.11 m 
Hole 1A 
1.11–2.11 m 
Hole 1A 
2.11–2.64 m 
Hole 1C 
2.61–3.51 m 
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Table 5.1  Sediment Stratigraphy of Hole 1A and 1C, Key Deer Pond. 
Depth Sediment Description Munsell Colors 
 
0–122 cm 
 
organic-rich sediment, becoming 
more fibrous with depth 
 
 
10YR 3/2 to 10 YR2/1 
 
122–131 cm 
 
Silty sediment with some 
organic mottling 
 
 
10YR 6/3 
 
131–156 cm 
 
loose fibrous organics 
 
 
10YR 4/2 to 10 YR3/2 
 
156–351 cm 
 
highly organic 
 
10YR 2/1 
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Radiocarbon Analyses 
 AMS radiocarbon dating of a wood fragment at the base of the profile establishes 
that the Key Deer Pond sediment record extends to 1660 cal yr BP (AD 290) (1750 ± 40 
14
C yr BP).  The radiocarbon results for samples higher in the core are mainly in 
stratigraphic sequence (Table 5.2).  Two dates on charcoal were out of order, and were 
excluded from the age model (Figure 5.2).  These two determinations likely reflect the in-
built age of charred wood (Gavin 2001).  
Sedimentation rates calculated from the weighted means of the probability 
distributions of the calibrated radiocarbon dates (Figure 5.2) show that sedimentation was 
slowest (0.09 cm/yr) during the initial ca. 630 years of sedimentation, from 1660–1028 
cal yr BP (AD 290–922).  The sedimentation rate from 1028 to AD 2007 (–57 cal yr BP) 
was from 0.21–0.38 cm/yr.  In the lower 60 cm of the profile, each cm of core depth 
represents ca. 10 years of sediment accumulation.  Above this in the profile, each cm of 
sediment represents from ca. 2.5–5 years of accumulation. 
 
Loss-on-Ignition 
 The sediment is highly organic (Figure 5.3).  Organic content is very high in the 
lower 1.9 m of the profile (1.61–3.51 m), constituting 85% or more of the dry weight of 
the sediment.  Above that (0.11–1.61 m), organic contents vary between ca. 40% and 
85%.  Non-carbonate inorganic and carbonate content reach their highest values in the 
upper 1.5 m of the profile (0.11–1.61 m), with values ranging from 10–40% and 5–20%, 
respectively, on a dry weight basis.  
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 Table 5.2  Radiocarbon determinations and calibrated ages for material from Key Deer Pond sediment profile. 
a
Analyses were performed by Beta Analytic, Inc.  Each charcoal or wood sample consisted of a single fragment. 
b
Calibrations were calculated using CALIB 5.0.1 (Stuiver and Reimer 1993) and the dataset of Reimer et al. (2004). 
C
Weighted mean of the 2 σ probability distribution of the calibrated radiocarbon dates. 
 
Lab Number
a
 Depth Below 
Sediment/Water 
Interface (cm) 
Material Dated δ13C 
(‰) 
Conventional 
14
C Age  
(
14
C yr BP) 
Calibrated Age 
Range
 b
   
(cal yr BP) ±2 σ  
Area Under 
Probability 
Curve 
Weight mean 
cal years BP
c
 
β -251140 41 Charcoal –26.5 340 ± 40 408–308 1.000 396 
β -251141 59 Charcoal –25.7 230 ± 40 
30 to –2 
222–139 
324–259 
366–362 
428–376 
0.116 
0.411 
0.396 
0.002 
0.076 
219 
β -247699 79 Charcoal –25.5 490 ± 40 
557–485 
626–605 
0.950 
0.050 
526 
β -247700 104 Charcoal –26.2 320 ± 40 481–302 1.000 387 
β -251142 192 
Pine Needle and 
Dicot Leaf 
Fragment 
–27.6 670 ± 40 
609–555 
682–622 
0.459 
0.541 
619 
β -251143 224 
Partially Charred 
Pine Cone Bract 
–25.9 790 ± 40 776–669 1.000 714 
β -251144 291 Pine Twig –24.2 1120 ± 40 
1095–936 
1140–1103 
1168–1161 
0.921 
0.068 
0.011 
1028 
β -235603 349 Wood Fragment –27.4 1750 ± 40 
1741–1553 
1783–1755 
1810–1796 
0.950 
0.035 
0.016 
1660 
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Figure 5.2  Age vs. depth relationship for Key Deer Pond, Big Pine Key, showing 
sedimentation rates.  Model based on linear interpolation using depth intervals of dated 
samples and the weighted means of the probability distributions of the calibrated 
radiocarbon dates.  The ―x‖ symbols indicate dates excluded from the age model.    
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Figure 5.3  Loss-on-ignition results for the Key Deer Pond sediment profile. 
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The Pollen Record 
I identified 45 different pollen types, including some from plant taxa that are rare, 
endangered, or invasive (Appendix C).  Indeterminate pollen grains, which were not 
included in the pollen sums, comprised less than 2.5% of all pollen counted.  In general, 
pollen preservation is good.  Only one sample from a depth of 323 cm (Hole 1C 2.61–
3.51 m; 62–63 cm) contained very few pollen grains, and was therefore excluded from 
analysis.  Total pollen concentrations were variable in the profile, ranging from ca. 
20,000 to 90,000 grains/cm
3
 wet sediment (Table 5.3).  Pollen diversity varied from 9–18 
different types per level (Table 5.4).  
Pollen was identified and counted from 21 samples from depths between 0 and 
351 cm (Figure 5.4).  Pine (Pinus) pollen dominates the record, accounting for ca. 50–
90% of the pollen in all samples between ca. 30–351 cm depth in the sediment core.  
Only the uppermost ca. 30 cm of the record show relatively lower values for Pinus, less 
than 40% of total pollen.  Values for pollen of hardwood taxa including wax-myrtle 
(Myrica cerifera L., Myricaceae), buttonwood mangrove (Conocarpus erectus L., 
Combretaceae), poisonwood (Metopium, Anacardiaceae), and Melastomataceae/ 
Combretaceae increase in the uppermost sediments, beginning at ca. 334 cal yr BP (96 
cm).  Above this level, values for C. erectus vary between ca. 5–15% of all pollen 
counted, and pollen of M. cerifera reaches values as high as 30%. 
 Pollen from Myrtaceous shrubs (Eugenia/Psidium, common name stopper) shows 
higher values in lower 170 cm of the sediment profile.  Above this interval, the pollen is 
virtually absent from the record.  In the upper 310 cm of the sediment profile, Arecaceae  
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Table 5.3  Pollen concentrations exclusive of fern spores and indeterminate pollen grains 
for the Key Deer Pond sediment profile. 
 
Depth (cm) Pollen Concentration 
(grains/cm
3
 wet sediment) 
0 18756 
16 63231 
32 42368 
48 50046 
64 49682 
80 37767 
96 27457 
120 37261 
135 42368 
152 25461 
168 27276 
184 34348 
195 20711 
216 49979 
232 41319 
248 88793 
259 83201 
275 67311 
291 51522 
307 27638 
323 not counted 
339 20883 
350 59195 
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Table 5.4  Pollen diversity for the Key Deer Pond sediment profile.  The pollen sum was 
very close to identical for all samples (300–318), so the values were not corrected using 
rarefaction. 
 
Depth (cm) Number of 
Different Pollen 
Types 
0 16 
16 13 
32 15 
48 17 
64 14 
80 13 
96 11 
120 14 
135 9 
152 13 
168 9 
184 15 
195 14 
216 13 
232 13 
248 14 
259 14 
275 10 
291 18 
307 14 
323 not counted 
339 16 
350 14 
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Figure 5.4 Percentage pollen diagram for the Key Deer Pond sediment profile showing main pollen types, total fern spores, and 
charcoal to pollen ratios.  The ―Other Tree/Shrub Taxa‖ group includes Apiaceae, Anacardiaceae, Batis, Piscidia, Acacia, Cassia, 
Bignoniaceae, Myrsine, Rhizophora, Guettarda, Randia, Psychotria, Cephalanthus, Annona, Ulmaceae, Trema, Celtis, Byrsonima, 
and Urticaceae (diporate).  The ―Other Herb Taxa‖ group includes Amaranthaceae, Araceae, Boraginaceae, Apocynaceae, Polygala, 
Solanaceae, and Capsicum.  Herbs in the Euphorbiaceae and Rubiaceae families are common in the pine rocklands of south Florida, 
and I expect that most pollen in these groups represent herbaceous plants, but some may represent woody genera.  Further, several 
members of the genus Chamaesyce sometimes take on shrubby characteristics (Nelson 1996).  The ―0‖ sample is the surface grab 
sample from Key Deer Pond.
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(palm) pollen shows fluctuating peaks, with values ranging between ca. 2–15% of all 
pollen counted.  Values for other tree and shrub taxa are generally low, representing less 
than ca. 4% of the total pollen sum at all sample intervals.  
Grass (Poaceae) and sedge (Cyperaceae) pollen fluctuate throughout the profile, 
with generally higher values in the upper 250 cm of the profile.  Peaks in Cyperaceae 
pollen occur at 250 cm and again in the uppermost sediments, beginning at ca. 20 cm 
depth in the profile.  These two peaks are coincident with decreases in Pinus pollen.  
Other taxa characteristic of the herb layer in pine rocklands, including several species of 
sandmat (Chamaesyce spp., Euphorbiaceae) and other species in the spurge family 
(Euphorbiaceae) and the madder family (Rubiaceae), show generally higher percentages 
in the lower 170 cm of the profile.  The contribution of other herbaceous taxa, including 
the pea (Fabaceae) and aster (Asteraceae) families, is generally low, less than 5% of the 
total pollen sum in all samples.  Fern spore percentages show little change over time, 
except for a prominent peak at 339 cm. 
 
The Microscopic Charcoal Record 
 Microscopic charcoal is abundant in the pollen samples throughout the sediment 
profile (Figure 5.5).  Charcoal concentrations in wet sediment vary from 90–900 
mm
2
/cm
3
.  Values for charcoal influx range from ca. 20–220 mm2/cm2/yr, and show 
generally lower values in the lower 40 cm of the profile.  Charcoal concentrations in dry 
sediment are more variable throughout the profile, ranging from ca. 500–8500 mm2/g dry 
sediment.  Charcoal to pollen ratios vary from ca. 200–2000 µm2 charcoal : pollen grain, 
and are near-zero in the surface sample.       
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Figure 5.5  Concentration of  microscopic charcoal fragments (<125 µm) expressed as charcoal area per g dry sediment, charcoal area 
per cm
3
 wet sediment, influx (mm
2
/cm
2
/yr), and charcoal to pollen ratios for the Key Deer Pond sediment profile. Due to the relatively 
high water content of the surface grab sample, this level was excluded from in the profiles for charcoal concentration in wet sediment 
and charcoal influx.  
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Curves for charcoal concentrations in wet sediment and influx generally mirror 
each other over much of the profile.  All charcoal indices and charcoal to pollen ratios 
show distinct peaks at 50 cm (ca. 177 cal yr BP) (AD 1773), 165 cm (548 cal yr BP) (AD 
1402), and 260 cm (ca. 883 cal yr BP) (AD 1067).  I use charcoal peaks to refer to sample 
intervals with higher amounts of charcoal relative to the rest of the record.  Charcoal 
concentrations in dry sediment also show peaks at 16 cm (18 cal yr BP) (AD 1932) and 
96 cm (357 cal yr BP) (AD 1593).  
 
The Macroscopic Charcoal Record 
 The uppermost core section of Hole 1A (0.11–1.11 m) was sectioned and sieved 
for macroscopic charcoal at contiguous 1-cm intervals (Figures 5.6–5.7).  We chose to 
examine the upper core section to elucidate pre and post-settlement fire history so as to 
inform modern fire management.  Charcoal is abundant in every interval of the core.  A 
visual assessment of the charcoal concentrations (particles/cm
3
) and influx 
(particles/cm
2
/yr) reveals close agreement between the different size classes (250–499 
and >500 µm particle sizes) of charcoal particles (Figure 5.6).  Concentration and influx 
values for the largest particle size (>500 µm) show distinct charcoal peaks at 25, 34, 49, 
56, 79, 88, and 104 cm.  Total charcoal concentrations (all particles >250 µm) vary from 
10–180 particles/cm3, and charcoal influx values (all particles >250 µm) range from 2–40 
particles/cm
2
/yr (Figure 5.7). 
 Charcoal values for both records are generally highest from ca. 350 to 200 cal yr 
BP (AD 1600–1750).  Both particles size classes show a trend of decreasing  
 
 67 
 
 
Figure 5.6  Macroscopic charcoal in the upper ca. 1 m of the Key Deer Pond sediment 
profile (core section 0.11–1.11 m in Hole 1A).  Charcoal counts are expressed as 
concentrations and influx for two particles size classes of 250–499 and >500 µm). Due to 
the relatively high water content of the sediments in the upper 3 cm of the core section 
(0.11–0.14 m), these intervals were excluded from analysis. 
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Figure 5.7  Macroscopic charcoal in the upper ca. 1 m of the Key Deer Pond Sediment 
profile (core section 0.11–1.11 m in Hole 1A), expressed as concentrations and influx for 
all particles >250 µm in size.  
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concentration and influx values in the most recent sediments examined, from ca. 23–11 
cm, or about AD 1900 to 1956. 
 
Comparing Microscopic and Macroscopic Charcoal Records 
 A peak in microscopic charcoal concentration at ca. 168 cal yr BP (AD 1782) is 
coincident with a moderate peak in macroscopic charcoal in the Key Deer Pond sediment 
profile (Figure 5.8).  Overall, trends in microscopic charcoal do not match the 
macroscopic charcoal data.  However, the microscopic charcoal record is coarse (16-cm 
sample interval) in comparison to the high-resolution macroscopic charcoal record (1-cm 
sample interval).   This difference made comparison between the two records difficult.  
For example, because of the wide sampling interval used for microscopic charcoal, some 
sample intervals with abundant charcoal may have been missed. 
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Figure 5.8  Comparison of microscopic and macroscopic charcoal concentrations in the upper ca. 1 m of the Key Deer Pond sediment 
profile (core section 0.11–1.11 m in Hole 1A).  Charcoal counts are expressed as charcoal area per g dry sediment and charcoal area 
per cm
3
 wet sediment for microscopic charcoal and as particles per cm
3 
wet sediment for macroscopic charcoal.  
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CHAPTER 6 
Discussion 
 
This research provides a first look at the long-term vegetation and fire history of 
pine rockland habitats in the lower Florida Keys.  Pollen assemblages and macroscopic 
and microscopic charcoal in the sediment profile from Key Deer Pond provide a 1700-yr 
record of vegetation shifts and fire history in the pine rocklands on Big Pine Key.  This 
study demonstrates the long-term presence of fire in pine rocklands of the lower Florida 
Keys; documents vegetation and fire dynamics that may be associated with climate 
variability; shows possible historic human influences on vegetation and fire occurrence; 
and reveals vegetation shifts related to historic sea level rise.  Below, I discuss my 
interpretation of these various lines of evidence, as well as other aspects of the Key Deer 
Pond sediment record, using the questions I posed in chapter one as a framework.     
 
What are the general trends in the fire history through time in the pine rockland 
ecosystem as shown by microscopic and macroscopic charcoal analysis of the Key Deer 
Pond sediments? 
 The microscopic charcoal record from the Key Deer Pond sediment profile 
reveals that fire has been a long-term and important element of the pine rocklands on Big 
Pine Key—at least since 1660 cal yr BP (approximately AD 300, the beginning of the 
sediment core).  The macroscopic charcoal record in the uppermost meter of the sediment 
profile provides a more detailed history of local fires, and shows repeated fires occurred 
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around the pond between ca. 8 cal yr BP and 397 cal yr BP (mid-1500s through mid-
1900s).   
Beyond the interpretations of long-term fire occurrence and repeated fires in the 
pine rocklands on Big Pine Key, the use of sedimentary charcoal to determine spatial 
patterns of fire events encounters interpretation challenges.  Microscopic charcoal in lake 
sediments is generally assumed to reflect fires on a regional or broader scale, and 
macroscopic charcoal to reflect fires on a local scale (Whitlock and Larsen 2001).  
However, Pitkänen (1999) demonstrated that local, low-intensity fires in eastern Finland 
deposited abundant microscopic charcoal.  A series of decanters were placed at distances 
of 20, 50, and 100 m from the edge of a low-intensity experimental burn.  The most 
numerous particles deposited in the immediate vicinity of the fire were particles <50 µm 
in size.  The authors also found good agreement between fire scar data and the abundance 
of microscopic charcoal in two sediment cores from Lake Pönttölampi.  Pitkänen (1999) 
concluded that microscopic charcoal particles, even particles <50 µm in size, can be 
deposited locally, although they have a potentially large source area.  The researchers 
further noted that this may be due to the low-intensity nature of fires in their study area.   
Patterson et al. (1987) suggested that most microscopic charcoal in small ponds (<25 m 
in diameter) is derived from local area fires, within about 20–30 m of the sampling site.  
An additional complication is that charcoal, whether microscopic or macroscopic, can be 
remobilized from soils, or detached from previously burned vegetation, by wind or water, 
and deposited in a lake several years after a fire event (Whitlock and Millspaugh 1996; 
Gardner and Whitlock 2001).    
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 These considerations prompt caution in the interpretation of the charcoal records 
from Key Deer Pond.  However, the small size of Key Deer Pond (surface area of ca. 
78m
2
 (0.008 ha)) leads me to expect that at least some of the microscopic charcoal 
indicates local burning, as the macroscopic charcoal surely must.  
Microscopic charcoal is generally less abundant in the early part of the record, 
whether expressed as concentrations on a wet volume or dry mass basis, or as influx. 
Charcoal to pollen ratios show a slightly different pattern, but are also generally lower in 
the lower portion of the profile.  Charcoal concentrations on a wet volume and dry mass 
basis, and charcoal to pollen ratios, increase ca. 1201 cal yr BP (AD 749) (307 cm), and 
influx values begin to increase ca. 953 cal yr BP (AD 997) (275 cm).  Higher overall 
charcoal to pollen ratios persist until the uppermost sample interval (the surface grab 
sample).  The microscopic charcoal curves for concentrations and influx show five 
distinct charcoal peaks at 18 (AD 1932) (16 cm), 177 (AD 1773) (50 cm), 357 (AD 1593) 
(96 cm), 548 (AD 1402) (165 cm), and 883 cal yr BP (AD 1067) (260 cm).  Three of 
these peaks (177, 548, and 883 cal yr BP) correspond across all microscopic charcoal 
indices. 
Higher values for microscopic charcoal indices since ca. 1200 cal yr BP 
(approximately AD 750) suggest increased fire in the region, and likely around Key Deer 
Pond.  Greater fire activity after 1200 cal yr BP may signal generally drier conditions, 
increased frequency of drought, or both.  Several sediment records from the circum-
Caribbean Region have revealed climate variation during this interval, and drought 
around 1200 cal yr BP (Lane et al. in press).  Pollen records from sediment cores from 
tree islands in the Everglades show the development of tree island vegetation in response 
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to a drying trend ca. 3000 cal yr BP, with significant development during dry intervals 
from 1200–1000 cal yr BP (AD 750–950) and 500–200 cal yr BP (AD 1450–1750) 
(Willard et al. 2006).  These phases of tree island development correlate with evidence of 
dry conditions during the Terminal Classic drought and Little Ice Age identified in 
sediment cores from lakes in the Yucatan peninsula (Hodell et al. 2005a, b).  
The charcoal indices at Key Deer Pond may also reflect shorter-term variations in 
climate.  Changes in charcoal abundance appear uniformly episodic over much of the 
sediment profile.  The episodic nature of the charcoal trends suggests variations in fire 
activity may have been related to changes in precipitation or storm frequency linked to 
global climate cycles.   
Best known in this context is the El Niño-Southern Oscillation (ENSO), which 
has been a persistent component of global climate over the past 130,000 years (Tudhope 
et al. 2001; Cane 2005).  ENSO, which is characterized by alternating periods of warm 
(El Niño phase) or cold (La Niña phase) sea surface temperatures in the central and 
eastern Pacific, has a periodicity ranging from about 3 to 7 years (Beckage et al. 2003).  
ENSO events affect global rainfall activity, and have been associated with increased fire 
activity on sub-continental scales (Horn and Sanford 2000; Beckage et al. 2003).  Even 
more is that substantial changes in the strength of ENSO cycling have occurred over 
time.  For example, unusually strong ENSO events occurred in 1982–83 and 1997–98 
with widespread ecological impacts in both cases (Tudhope et al. 2001).  On a much 
longer time scale, the amplitude of ENSO during the last 5000 years appears to have been 
significantly greater than during most other periods in the past (Tudhope et al. 2001).  
ENSO variability may have influenced fire activity in the Florida Keys.  In south Florida, 
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El Niño phases are associated with increased dry-season rainfall, while La Niña phases 
are associated with decreased dry-season rainfall.  Beckage et al. (2003) found a strong 
association between fire occurrence in the Everglades and ENSO conditions.  The 
researchers found that decreased dry-season rainfall, increased lightning strikes, more 
fires, and more extensive burning in the early part of the wet season were associated with 
La Niña phases of ENSO.  In the Everglades, more extensive fires occur in the early wet 
season because lightning strikes are frequent, but fuels are still dry (Liu and Menges 
2005).  This same relationship may exist in the lower Florida Keys.  During strong ENSO 
cycling, decreased dry-season rainfall associated with La Niña phases may have 
increased the probability of lightning ignition of still-dry fuels in the early part of the wet 
season, leading to more frequent or extensive fires in the lower Florida Keys landscape, 
including the area around Key Deer Pond.  
Another climate cycle that could be reflected in the Key Deer Pond fire record is 
the Atlantic Multidecadal Oscillation (AMO).  AMO is identified as a 60–80 year 
coherent pattern of variability in North Atlantic sea surface temperature (SSTs), and is 
characterized by warm and cool phases, each lasting approximately 20–40 years (Enfield 
et al. 2001; Trenberth and Shea 2005).  Observational records show that AMO cool 
phases occurred during 1905–1925 and 1970–1990, and warm phases during 1860–1880 
and 1940–1960, and since about the mid-1990s (Enfield et al. 2001).  Warm-phase AMO 
conditions generally correspond with increased summer rainfall over Florida, and 
conversely for cool-phase AMO conditions (Enfield et al. 2001).  AMO also has been 
shown to affect hurricane activity.  Warm-phase AMO conditions are associated with 
increased hurricane activity and/or a higher frequency of major hurricanes (category 3 or 
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greater) in the tropical North Atlantic and Caribbean Sea (Trenberth and Shea 2005).  
AMO phase changes could have affected fire activity in the lower Florida Keys through 
increased potential for ignition of fuels by lightning caused by convectional 
thunderstorms and hurricanes during the summer.      
The macroscopic charcoal record produced at contiguous 1-cm intervals from the 
upper meter of the Key Deer Pond sediment profile revealed abundant macroscopic 
charcoal in every sample analyzed.  This finding is consistent with the interpretation that 
lower Keys pine rocklands are a fire-dependent ecosystem characterized by frequent 
surface fires (Snyder et al. 1990; Ross et al. 1994; USFWS 1999a).  Additionally, the 
macroscopic charcoal data show a pattern of several distinct peaks recurring at regular 
intervals.  In the upper 45 cm of the macroscopic charcoal record, one cm of sediment 
accumulation represents 4.7 years.  In the lower 52 cm of the record, 1 cm of 
accumulation represents from 2.6–3.7 years.  Based on these estimates, the charcoal data 
are consistent with the view that pine rocklands burn once every 3–7 years (USFWS 
1999a).  Fire return intervals of much longer duration would be expected to result in 
some sample intervals with less or no charcoal (Horn 2008).  This interpretation is also 
consistent with the findings of Miller (2007) in Bahamian pine rocklands believed to be 
ecologically similar to Florida pine rocklands (Myers et al. 2004).  Miller conducted a 
dendrochronological study on Pinus caribaea (Caribbean pine) and found that these pine 
forests experience fire once every 1–5 years. 
Although this evidence supports the idea that the fire regime of lower Keys pine 
rocklands is characterized by a short fire return interval, developing a fine-scale 
reconstruction of local fire history depends upon calibrating charcoal peaks with known 
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fire events from dendrochronological records or other historical accounts (Whitlock and 
Millspaugh 1996; Whitlock and Larsen 2001).  In principle, by comparing charcoal peaks 
with known fire events, it would be possible to determine if the peaks correspond with 
local fires, or if they represent fires from a larger source area or charcoal redeposited 
several years after fire (Whitlock and Larsen 2001).  Lacking such comparison data, it is 
difficult to interpret fire return intervals for pine rocklands on Big Pine Key based on 
sedimentary charcoal records alone.  Ongoing dendrochronological analyses of fire 
history on Big Pine Key by graduate student Grant Harley together with H. Grissino-
Mayer and S. Horn will shed light on the historical fire regime of the area around Key 
Deer Pond, and in doing so, may improve interpretation of the Key Deer Pond charcoal 
record. 
Variations in macroscopic charcoal data suggest two periods of slightly higher 
fire activity.  Charcoal concentrations and influx increase from ca. 312–195 cal yr BP 
(AD 1638–1755) (84–54 cm), and again from 93–46 cal yr BP (AD 1857–1904) (32–22 
cm) (Figure 5.6–5.7).  These periods of increased charcoal values likely reflect increased 
fires around Key Deer Pond.   
The first period, from about the mid-17
th
 to mid-18
th
 century period, overlaps with 
the Little Ice Age (LIA), which has been recognized as a time of cooler, drier climate in 
some paleoecological records from Florida and the Caribbean region (Lane et al. in 
press).  Pollen records from the Everglades show development of tree island vegetation in 
response to drying conditions from AD 1550–1850 (Willard et al. 2006).  Trace metal 
concentrations in sediments from the Caraico Basin reach their lowest levels since the 
Younger Dryas during the LIA, indicating extreme drought conditions in northern South 
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America (Peterson and Haug 2006).  Peterson and Haug (2006) interpreted this as 
evidence of regional precipitation shifts resulting from cooler Atlantic sea surface 
temperatures, which are hypothesized to have led to a southward shift in the mean 
latitudinal position of the Intertropical Convergence Zone (Peterson and Haug 2006).  
Such a shift could bring drier conditions to much of the circum-Caribbean, including the 
Florida Keys.  Increased percentages of macroscopic charcoal from 312–195 cal yr BP 
(AD 1638–1755) in the Key Deer Pond sediment record may reflect generally drier 
conditions during the LIA.  
 
How do the microscopic and macroscopic charcoal curves compare, and what does this 
reveal about the microscopic charcoal signal in the sediments? 
 The uppermost charcoal peak in microscopic charcoal at 177 cal yr BP (AD 1773) 
(50 cm) is coincident with a moderate peak in macroscopic charcoal.  Overall, however, 
the microscopic and macroscopic charcoal records do not show strong conformity.  This 
may be attributable to the wide sampling interval (16 cm) used for microscopic charcoal 
analysis.  The wide sampling interval undoubtedly missed high and low microscopic 
charcoal values in between the sampled levels, which would need to be included to 
compare the patterns.  
The presence of macroscopic charcoal in all levels sampled argues that at least 
some of the microscopic charcoal in the profile derives from local fires. We know such 
fires were common during the ca. 400-yr period (mid-1500s through mid-1900s) spanned 
by the macroscopic charcoal record, and likely they also occurred in earlier periods with 
similar amounts of microscopic charcoal.  
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Are there identifiable differences in fire activity between the modern, early historic, and 
prehistoric periods that would help identify differences between natural and 
anthropogenic (human-altered) fire regimes? 
Archaeological evidence for human presence in the lower Florida Keys prior to 
the early to middle 19
th
 century has yet to be uncovered.  Historical evidence reveals 
permanent Native American settlement in the upper Florida Keys by the middle to late 
16
th
 century.  Historical accounts suggest that Indians could have been present in the 
lower Florida Keys beginning around the early 18
th
 century, although evidence for their 
presence is scant at best (Goggin 1950; Worth 1995, 2004, 2006).  The scant amount of 
evidence for Native American presence in the lower Florida Keys precludes any strong 
inference of human-induced fires prior to ca. AD 1820.  Based on this evidence, fires 
prior to that period were most likely a result of natural ignition caused by lightning 
strikes, although, human ignition cannot be ruled out.  Bergh and Wisby (1996) mapped 
occurrences (and causes) of fire between 1960 and 1996 within the NKDR.  A number of 
those fires were lightning-induced.  Additionally, the generally uniform pattern of higher 
and lower microscopic charcoal values over much of the Key Deer Pond sediment profile 
is perhaps evidence for lightning ignitions.  Significant human pressures may have 
produced greater variation in the microscopic charcoal indices over longer time intervals.  
This variation, however, is not evident in the microscopic charcoal record.   
AD 1820 corresponds to ca. 40 cm depth in the Key Deer Pond sediment core, 
based on linear interpolation.  Previous research on oceanic islands postulated that a 
sudden increase in sedimentary charcoal may signal initial human arrival on an island and 
increased burning (Burney et al. 1994, Burney and Burney 2003).  If the first 
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colonization of Big Pine Key indeed occurred around AD 1820, then evidence suggests 
that human colonization did not lead to a spike in burning, as microscopic and 
macroscopic charcoal concentrations and influx, and charcoal to pollen ratios, are 
generally low at this level in the Key Deer Pond sediment profile.  The absence of 
increased charcoal concentrations and influx at ca. 40 cm may be because the Florida 
Keys are such a lightning-prone area.   
The presence of humans on Big Pine Key seems not to have increased fires.  The 
result of human settlement may have been the reverse: a reduction in wildfires.  Charcoal 
concentrations and influx reach their lowest levels in the uppermost samples of the 
macroscopic charcoal record (18–14 cm), which correspond to AD 1923–1942.  
Additionally, charcoal to pollen ratios show extremely low values in the surface grab 
sample, corresponding to the last ca. 10–15 years (AD 1992–2007).  Human habitation on 
Big Pine Key increased significantly after the arrival of the Florida East Coast Railroad in 
1906.  Several subdivisions were put in place between 1914 and 1925.  The National Key 
Deer Refuge was not established until 1957, and management fires did not commence 
until the 1970s.  From 1957 until the late 1970s, fire suppression was the primary fire 
management practice (Bergh and Wisby 1996).  Slightly lower charcoal values above the 
18-cm level of the macroscopic charcoal record could be partially attributable to 
increased development on Big Pine Key, which began to fragment the pine rockland 
landscape, reducing the spread of natural fire.  Additionally, the advent of fire 
suppression due to increased human presence on the island likely reduced the number of 
fires in the pine rockland landscape. 
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Has the vegetation surrounding Key Deer Pond changed through time?  
 Models of pollen deposition suggest that a pollen record from a pond as small as 
Key Deer Pond should predominantly reflect the composition of local vegetation, within 
a radius of <100 m from the lake edge (Sugita 1994; Odgaard 1999).  Given the potential 
for long-distance transport of some anemophilous (wind-pollinated) pollen types (e.g. 
Pinus or Myrica cerifera) (Kjellmark 1996), it is not possible to rule out some extralocal 
pollen input.  Overall, however, I interpret the pollen record from Key Deer Pond to 
represent mostly the deposition of pollen from plants growing within ca. 100 m of the 
lake edge.   
Changes in pollen percentages in the Key Deer Pond sediment profile suggest 
only moderate vegetation change around the site over the past 1700 years.  The most 
prominent signal in the pollen record is the continuous history of pine dominance.  
Although pine pollen is known for long distance transport, the high percentages of pine 
suggest that pine has been common around Key Deer Pond since 1660 cal yr BP.   
Beginning ca. 1126 cal yr BP (AD 824) (300 cm), I found several significant 
peaks in palm (Arecaceae) pollen.  Percentages for this taxon increase from less than a 
few percent to near 15%.  I interpret these peaks to indicate periods in which palm was 
more abundant at the site.  Four palm species occur in the lower Florida Keys pine 
rocklands: saw palmetto (Serenoa repens), silver palm (Coccothrinax argentata), thatch 
palm (Thrinax morissii), and infrequently cabbage palm (Sabal palmetto) (USFWS 
1999a; Snyder et al. 2005).  Today, S. repens, C. argentata, and T. morissii are abundant 
around Key Deer Pond, and much of the palm pollen identified in the Key Deer Pond 
sediment profile may derive from these three species.  
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Fluctuations in pollen percentages of Euphorbiaceae, Poaceae, Asteraceae, and 
other herb taxa may be associated with natural disturbance.  Prominent peaks in pollen of 
Chamaesyce (Euphorbiaceae) occur at 883 cal yr BP (AD 1067) (260 cm) and 1028 cal 
yr BP (AD (922) (291 cm).  This genus is commonly found in open sites and early 
successional environments (Kennedy and Horn 2008).  Kennedy and Horn (2008) 
suggested that this species may signal opening of the canopy, perhaps by fire-assisted 
forest clearance.  Several species of Chamaesyce occur in the pine rockland habitats of 
the lower Florida Keys.  Today, many of these species (e.g. C. garberi and C. deltoidea 
ssp. deltoidea) are federally listed as threatened.  Percentages of other herbaceous taxa, 
including pollen of Poaceae and Asteraceae, moderately increase ca. 836 cal yr BP (AD 
1114) (250 cm).  As with Chamaesyce, increased abundance of Poaceae and Asteraceae 
may indicate a relatively open canopy (Kjellmark 1996).  
Beginning ca. AD 1867 (30 cm), the abundance of pine pollen significantly 
decreases, and continues to decrease thereafter.  This change occurs in association with 
increased percentages of taxa that reflect an assemblage of hardwood species, including 
wax-myrtle (Myrica cerifera), buttonwood mangrove (Conocarpus erectus), poisonwood 
(Metopium), and Melastomataceae-Combretaceae.  Pollen of herbaceous taxa also reach 
their lowest levels above 30 cm depth in the profile.  This vegetation change may reflect 
an increased hardwood canopy cover that perhaps shaded out grasses and other 
herbaceous taxa.  
Noteworthy is the occurrence of pollen of Casuarina (Casuarinaceae) and 
Terminalia (Combretaceae) in the surface sample.  These pollen types cannot be 
identified to species but are likely from Casuarina equisetifolia (Australian pine) and 
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tropical almond (Terminalia catappa).  Both of these species are introduced exotics that 
have become invasive in southern Florida (Nelson 1994,1996; USFWS 1999a) and are 
present on Big Pine Key (http://www.floridainvasives.org/Keys/Distribution/index.html).  
Kjellmark (1995) also found Casuarina pollen in sediments from lakes in The Bahamas.  
This taxon was introduced in the circum-Caribbean in the past 100 years.  
 
Do changes in vegetation inferred from pollen analysis match evidence of changes in fire 
activity or climate from charcoal? 
The most prominent signal from the charcoal and pollen record is the continuous 
dominance of pine and fire over much of the record.  This association is not surprising, 
given the strong relationship between pines and fire (Kennedy et al. 2006).  Percentages 
of pine pollen begin to decrease at ca. 30 cm (AD 1867) in the Key Deer Pond sediment 
profile.  Values for macroscopic charcoal concentrations and influx are lowest above the 
18-cm level of the profile, and charcoal to pollen ratios show their lowest values in the 
surface grab sample.  Lower percentages of pine above the 30-cm level may reflect 
habitat loss due to increased land occupation and development on Big Pine Key.  
Additionally, reduced pine may signal reduced fire frequency caused by increased human 
presence, fragmentation of the landscape, and the eventual advent of fire suppression.  
Under conditions of infrequent fire, south Florida Slash pines, which are well adapted to 
fire, lose dominance to hardwood taxa (Snyder et al. 1990; USFWS 1999a; Snyder et al. 
2005). 
Peaks in palm pollen after 1126 cal yr BP (AD 824) often occur in association 
with peaks in microscopic charcoal concentrations and influx, and charcoal to pollen 
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ratios.  Prior to ca. 1200 cal yr BP (approximately AD 750), palm is nearly absent from 
the record.  Snyder et al. (2005) studied post-burn recovery and mortality of pine 
rockland flora after a series of experimental surface fires on Big Pine Key.  The 
researchers found S. repens, T. morissii, and C. argentata to be well adapted to surface 
fires, as all three species showed rapid recovery within 1–3 years after burning.  Greater 
fire activity after 1200 cal yr BP near Key Deer Pond, perhaps characterized by low-
intensity fires, may have favored a greater abundance of palms around the pond. 
Higher percentages of herbaceous taxa, including Poaceae and Asteraceae, and 
peaks in pollen of Chamaesyce after 1126 cal yr BP could indicate shifts in fire frequency 
around Key Deer Pond.  Microscopic charcoal values generally increase after ca. 1200 
cal yr BP.  Fire frequency may have been great enough to reduce understory hardwood 
canopy cover, thereby making conditions more favorable for extensive growth of 
herbaceous taxa.  In their study of post-burn recovery of pine rockland vegetation after 
experimental burns on Big Pine Key, Snyder et al. (2005) found that herb taxa diversity 
and cover were greater in plots with lower hardwood shrub cover (Snyder et al. 2005).  
  
Do stratigraphic layers exist in the sediment cores that indicate the impacts of hurricane 
or tropical storm events?  
No stratigraphic or other evidence of hurricanes or tropical storm events was 
apparent in the Key Deer Pond sediment profile.  Previous research at coastal lakes in the 
U.S. Gulf Coast region has documented the presence of overwash sand layers in sediment 
cores that correlate with known hurricane events (Liu and Fearn 1993, 2000).  
Additionally, defoliation of trees from hurricane force winds could lead to layers of 
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leaves in sediment cores (S. Horn, pers. communication, Oct 19, 2009).  Hurricane 
Wilma, for example, deposited a 30–60 cm thick storm-deposit layer at a soil surface 
monitoring site in the southern Everglades that consisted of very fine material on top 
underlain by mangrove leaf matter (Whelan and Smith 2006). 
The absence of any stratigraphic evidence of such storm events in the Key Deer 
Pond sediment profile may be a consequence of its location.  Key Deer Pond is located 
approximately at the center of Big Pine Key on the north end of the Island.  Based on 
elevation data derived from LIDAR images of Big Pine Key, the area surrounding Key 
Deer Pond is between 1.5 and 2.1 m (5 and 7 ft) above mean sea level (C. Bergh, pers. 
communication, Oct 21, 2009).  This elevation most likely puts Key Deer Pond above the 
level of high storm surges.  Hurricane Wilma, for example, was a category 3 hurricane 
when it struck southwest Florida.  Wilma produced a storm surge of between 1.5 and 2 
m, but it did not reach Key Deer Pond (C. Bergh, pers. communication, Oct 21, 2009). 
Alternatively, the absence of such evidence may be attributable, at least partially, to the 
very porous nature of Miami Oolitic Limestone, which may act to minimize storm surge, 
especially that far inland (K. Orvis, pers. communication, Nov 6, 2009).  
 
Are changes in vegetation evident in the pollen record that indicate the impacts of sea 
level change? 
Buttonwood mangrove (Conocarpus erectus) became significantly more abundant 
in the Key Deer Pond pollen record beginning ca. 357 cal yr BP (AD 1593) (96 cm), and 
remained generally high thereafter.  Prior to 357 cal yr BP, C. erectus is nearly absent 
from the record.  The cause for such a clear change in the Key Deer Pond pollen record is 
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of particular interest, as this species is generally characteristic of higher salinity 
environments (USFWS 1999a; Peros 2005; Peros et al. 2007; Gabriel et al. 2009).   
In the lower Florida Keys, C. erectus tends to grow in the supratidal zone 
(sometimes considered the uppermost level of the intertidal zone), often in association 
with other halophytic (i.e., salt-tolerant) plant taxa (Ross et al. 1992).  Here, ground water 
salinity levels range between 20–35‰, and C. erectus is generally the most abundant 
woody species (Ross et al. 1992; Lopez et al. 2004).  These supratidal buttonwood areas 
(also referred to as supratidal scrub; Ross et al. 1992), transitional between mangrove 
forests and upland vegetation types, are inundated by high tide at certain times of the 
year, and remain relatively dry during others depending on the season (Ross et al. 1992).  
Rising sea level could have led to the establishment of this species closer to the 
coring site, as mangrove zones migrate upward and landward when sea level rises 
(Blasco 1996; Peros 2005).  The increased abundance of pollen of C. erectus in the upper 
section of the Key Deer Pond sediment profile may be linked to rising sea level. 
Kjellmark (1995) found increased C. erectus and decreased pine pollen above the 30-cm 
level in a sediment core from Stalactite Blue Hole on Andros Island, The Bahamas, and 
suggested that this change may be due to rising sea level.  
The pine pollen decrease in the upper 30 cm of the Key Deer Pond sediment 
profile could also reflect the effects of local sea level rise, as at Stalactite Blue Hole 
(Kjellmark 1995).  Continuous observations of sea level change at Key West, Florida 
began in 1913, but sporadic measurements date back to 1846 (Maul and Martin 1993).  
Maul and Martin (1993) estimate that sea level at Key West has risen about 30 cm since 
1846, and that the rate of rise increased after about 1920 to ca. 0.23 cm/yr.  These 
 87 
observations are consistent with those from several other stations in mainland Florida 
(Maul and Martin 1993).  Increasing ocean levels could have led to changes in the 
position of the water table, and the gradual salinization of the rooting environment (Ross 
et al. 1994), occasioned by increased groundwater and soil salinity.  Ross et al. (1994) 
found reduced photosynthetic and growth rates in South Florida Slash Pine (Pinus elliottii 
var. densa) at salt concentrations as low as 3‰.  Remnant stumps and historical accounts 
indicate that pine forests in the Florida Keys have been reduced in size, proceeding 
landward from the outward margins of the original forests (Snyder et al. 1990; Ross et al. 
1994; USFWS 1999a).  Alexander (1976) found pine remnants in areas of Key Largo 
now occupied by mangrove forests.  He suggested that sea level rise was responsible for 
the displacement of pine forests by mangroves on that island.  Ross et al. (1994) studied 
the historical and present distribution of pine forests on Sugarloaf Key, and found that the 
total area of pine forests on this island has declined from 88 ha to ca. 30 ha since 1935, 
and pine mortality has occurred at increasing elevation over time.  The authors suggested 
that reductions in area of pine forests, and their gradual succession towards more salt-
tolerant vegetation types, were caused by the effects of local sea level rise.  A local rise in 
sea level could have led to a reduction in pine on Big Pine Key that reduced pine pollen 
percentages in the Key Deer Pond sediment profile.  
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CHAPTER 7 
Conclusions 
 
The paleoecological record from Key Deer Pond provides a 1700-year history of 
vegetation change and fire in pine rocklands on Big Pine Key, Florida.  The microscopic 
charcoal record from the Key Deer Pond sediment profile demonstrates that fire has long 
played a role in the pine rockland ecosystem.  Fluctuations in microscopic charcoal are 
consistent with evidence for regional dry phases.  The high-resolution macroscopic 
charcoal record from the uppermost meter of the sediment profile provides compelling 
evidence for repeated fires in the area surrounding Key Deer Pond.  That macroscopic 
charcoal was abundant in every interval of the record is consistent with the idea that pine 
rocklands are characterized by very frequent fire.  The lack of archeological evidence for 
human presence on Big Pine Key prior to the early to mid-19
th
 century suggests that early 
fires in the area were most likely a result of lightning strikes.  Fire activity may have been 
influenced by changes in drought frequency or summer storm activity associated with 
ENSO or AMO phase changes.     
The pollen record reveals that the vegetation around Key Deer Pond has changed 
only moderately since 1660 cal yr BP.  Pine dominance over much of the record indicates 
that pine has long been abundant around Key Deer Pond.  Increases in pollen of 
Conocarpus erectus since ca. 357 cal yr BP, and decreases in the abundance of pine since 
ca. 83 cal yr BP, may signal the impacts of rising sea level.   
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Evidence for prehistoric human impacts to vegetation composition or fire 
occurrence in the area around Key Deer Pond is not apparent in the sediment profile.  
This is, however, consistent with archaeological and historical evidence that suggests a 
lack of indigenous settlement in the lower Florida Keys.  The very late colonization of 
Big Pine Key makes paleoecological records from this site especially valuable as 
indicators of prehistoric climate shifts.   
Some historic human impacts are apparent in the Key Deer Pond record.  Lower 
overall charcoal values above ca. 18 cm in the sediment profile suggest changes in the 
natural fire regime in pine rocklands near Key Deer Pond resulting from human presence, 
specifically a reduction in fire occurrence since the early part of the 20
th
 century owing to 
fire suppression. 
Key Deer Pond provides valuable paleoecological information with which to 
understand the long-term role of fire in pine rocklands.  Ongoing dendrochronological 
analyses of fire history on Big Pine Key by graduate student Grant Harley together with 
H. Grissino-Mayer and S. Horn will test my interpretation from the macroscopic charcoal 
record of a recent reduction in fire frequency near Key Deer Pond.  Sampling for 
macroscopic charcoal at contiguous 1-cm intervals over the full length of the Key Deer 
Pond profile, and in cores from other ponds on Big Pine Key, should provide additional 
insights on possible climate-driven shifts in fire activity.  This, together with a 
paleoecological study on the development of mangrove ecosystems on the island, could 
help determine if pine reduction on Big Pine Key and nearby Keys has been a result of 
sea level rise, reduced fire frequency, or some combination. Sampling for pollen and 
charcoal from sediments from a banana hole (or other crack in the surface with an 
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extremely small surface area) could provide useful insights on local pollen and charcoal 
deposition, and a test of the potential value of sites of this nature, which are abundant 
near Key Deer Pond and likely elsewhere in the Florida Keys.    
Under a scenario of reduced fire frequency, pine rocklands succeed to hardwood 
hammocks.  However, the timing and nature of these successional dynamics have 
generated much discussion (USFWS 1999a).  Factors such as the amount of hardwood 
hammock present in the vicinity of pine rockland habitat and time since last fire may all 
contribute to the pace of plant succession.  Sampling for pollen and macroscopic charcoal 
in sediments from ponds or other wetlands in areas that are currently covered by 
hardwood hammock vegetation, but that may have been covered by pine rockland at 
some time in the past, may reveal information on successional relationships.  This 
information would contribute to ecological knowledge of pine rockland and hammock 
communities, and could be useful to NKDR and USFWS officials in developing a fire 
management plan for pine rockland habitat in south Florida.  
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APPENDIX A: Pollen Processing Procedure 
 
 The following procedure was used to process sediment samples from Key Deer  
Pond for pollen and microscopic charcoal analysis.  Samples were processed in 15 ml 
Nalgene® polypropylene centrifuge tubes.  The centrifuge used was an IEC model CL 
benchtop centrifuge with a 6 x 15 ml swinging bucket rotor.  All centrifugations were 
carried out at the highest speed. 
 
1.  Add 1 Lycopodium tablet to each centrifuge tube. 
 
2. Add a few ml 10% HCl, and let reaction proceed; slowly fill tubes until there is 
about 10 ml in each tube.  Stir well, and place in hot water bath for 3 minutes.  
Remove from bath, centrifuge for 2 minutes, and decant. 
 
3. Add hot distilled water, stir, centrifuge for 2 minutes, and decant.  Repeat for a 
total of 2 washes. 
 
4. Add about 10 ml 5% KOH, stir, remove stick, and place in boiling bath for 10 
minutes, stirring after 5 minutes.  Remove from bath and stir again.  Centrifuge 2 
minutes and decant. 
 
5. Wash 4 times with hot distilled water.  Centrifuge for 2 minutes each time. 
   
6. Fill tubes about halfway with distilled water, stir, and pour through 125 µm mesh 
screen, collecting liquid in a labeled beaker underneath.  Use a squirt bottle of 
distilled water to wash the screen, and to wash out any material remaining in the 
centrifuge tube. 
 
7. Centrifuge down material in beaker by repeatedly pouring beaker contents into 
correct tube, centrifuging for 2 minutes, and decanting. 
 
8. Add 8 ml of 49–52% HF and stir.  Place tubes in boiling bath for 20 minutes, 
stirring after 10 minutes.  Centrifuge 2 minutes and decant. 
 
9. Add 10 ml 10% HCl.  Stir well, and place in hot water bath for 3 minutes.  
Remove from bath, centrifuge for 2 minutes, and decant. 
 
10. Add 10 ml hot Alconox® solution, made by dissolving 4.9 cm3 dry commercial 
Alconox® powder in 1000 ml distilled water.  Stir well and let sit for 5 minutes.  
Then centrifuge and decant. 
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11. Add more than 10 ml hot distilled water to each tube, so top of water comes close 
to top of tube.  Stir, centrifuge for 2 minutes, and decant. 
 
Assuming that no samples need treatment with HF, continue washing with hot 
distilled water as above for a total of 3 water washes. 
 
12. Add 10 ml of glacial acetic acid, stir, centrifuge for 2 minutes, and decant. 
 
13. Make acetolysis mixture by mixing together 9 parts acetic anhydride and 1 part 
concentrated sulfuric acid.  Add about 8 ml to each tube and stir.  Remove stirring 
sticks and place in boiling bath for 5 minutes.  Stir after 2.5 minutes.  Centrifuge 
for 2 minutes and decant. 
 
14. Add 10 ml glacial acetic acid, stir, centrifuge for 2 minutes and decant. 
 
15. Wash with hot distilled water, centrifuge and decant. 
 
16. Add 10 ml 5% KOH, stir, remove sticks, and heat in vigorously boiling bath for 5 
minutes.  Stir after 2.5 minutes.  After 5 minutes, centrifuge for 2 minutes, and 
decant. 
 
17. Add 10 ml hot distilled water, centrifuge for 2 minutes, and decant for a total of 3 
washes. 
 
18. After decanting last water wash, use the vortex genie for 20 seconds to mix 
sediment in tube. 
 
19. Add 1 drop of safranin stain to each tube.  Use vortex genie for 10 seconds.  Add 
distilled water to make 10 ml.  Stir, centrifuge for 2 minutes, and decant. 
 
20. Add a few ml TBA, use the vortex genie for 20 seconds.  Fill to 10 ml with TBA, 
stir, centrifuge for 2 minutes, and decant. 
 
21. Add 10 ml TBA, stir, centrifuge for 2 minutes, and decant. 
 
22. Vibrate samples using the vortex genie to mix the small amount of TBA left in the 
tubes with the microfossils.  Centrifuge down vials. 
 
23. Add several drops of 2000 cs silicone oil to each vial.  Stir with a clean toothpick. 
 
24. Place uncorked samples in the dust free cabinet to let the TBA evaporate.  Stir 
again after one hour, adding more silicone oil if necessary. 
 
25. Check samples the following day; if there is no alcohol smell, cap the samples.  If 
the alcohol smell persists, give them more time to evaporate.     
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APPENDIX B:  Charcoal Point Counting Calculations 
Calculations below are based on Clark (1982), with modifications in some cases by S. 
Horn.  This appendix is based on an unpublished laboratory handout by S. Horn prepared 
February 8, 2005 and modified May 3, 2006. 
 
 
 
Areal density of charcoal on the slide (P) (e.g., the estimated probability that a random 
point will fall on charcoal): 
 
 P = C/N 
The accuracy, or relative error, of the estimate of P (Sp/P): 
  (Sp/P) = √(1-P)/C    
Area of charcoal (total) in mm
2
 in all fields of view you counted (Af): 
 Af = P x Fat 
Estimated area of charcoal in mm
2 
in the entire pollen sample (Aps): 
 Aps = M x Af 
               Mc 
 
Charcoal area in mm
2 
expressed on the basis of volume of wet sediment (Acc): 
 Acc = Aps/V 
Charcoal area in mm
2 
expressed on the basis of wet sediment mass (Awm): 
 Awm = Aps/W 
Charcoal area in mm
2 
expressed on the basis of annual influx (Acy): 
 Acy = Acc * sedimentation rate expressed in cm/yr 
Charcoal:Pollen ratio (C:P) expressed as mm
2
 charcoal per pollen grain: 
 C:P = Mpo x Af 
            Mc x Popc 
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Charcoal:Pollen ratio (C:P) expressed as µm
2
 charcoal per pollen grain: 
 C:P = Mpo x Af x 106 
            Mc x Popc 
 
 
Po = points applied in each field of view 
F = the number of fields of view you looked at 
N = total number of points applied (equal to Po x F) 
Fa = area in mm
2
 of each field of view 
Fat = total area in mm
2 
on slide in which you looked at charcoal (equal to Fa x F) 
C = the number of applied points that ―touched‖ charcoal 
V = volume in cm
3
 of original wet sediment sample processed for pollen 
W = mass in g of original wet sediment processed for pollen (from LOI sheet) 
Pw = percent water in the wet LOI sample from the same level as pollen sample 
M = number of Lycopodium marker spores added to original sample processed for pollen 
Mc = number of Lycopodium marker spores you counted in the fields of view in which  
you did the point counting 
 
Mpo = number of Lycopodium marker spores you counted in the pollen count from the 
same level 
 
Popc = the total number of pollen grains (excluding spores and indeterminate) counted in 
the pollen count from the same level 
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APPENDIX C: Identified Pollen Taxa 
 
Tree – Shrub Taxa Herbaceous Taxa Aquatics 
 
Pinaceae Euphorbiaceae   Alismataceae 
 Pinus elliottii var. densa Chamaeasyce Sagittaria 
Myricaceae    Polygalaceae 
 Myrica cerifera Polygala 
Rubiaceae Poaceae 
 Cephalanthus   Asteraceae 
 Guettarda    Cyperaceae 
 Psychotria    Fabaceae  
 Randia    Rubiaceae 
Combretaceae-Melastomataceae Borreria (also referred to as Spermacoce) 
Combretaceae    Amaranthaceae 
 Conocarpus erectus  Apocynaceae 
 Terminalia   Boraginaceae 
Annonaceae    Solanaceae 
 Annona Capsicum 
Rhizophoraceae   Urticaceae 
 Rhizophora mangle  Araceae 
Malphigiaceae 
 Byrsonima 
Solanaceae 
Myrtaceae 
 Eugenia-Psidium 
Moraceae 
 Ficus 
Fabaceae 
 Acacia 
 Cassia 
 Piscidia 
Anacardiaceae 
 Metopium toxiferum 
Ulmaceae 
 Celtis 
 Trema 
Bataceae 
 Batis 
Casuarinaceae  
 Casuarina 
Bignoniaceae 
Myrsinaceae 
 Myrsine  
Apiaceae 
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